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A B S T R A C T
In polyglutamine diseases, an abnormally elongated polyglutamine tract results in protein misfolding
and accumulation of intracellular aggregates. The length of the polyglutamine expansion correlates with
the tendency of the mutant protein to aggregate, as well as with neuronal toxicity and earlier disease
onset. Although currently there is no effective cure to prevent or slow down the progression of these
neurodegenerative disorders, increasing the clearance of mutant proteins has been proposed as a
potential therapeutic approach. The ubiquitin–proteasome system and autophagy are the two main
degradative pathways responsible for eliminating misfolded and unnecessary proteins in the cell. We
will review some of the studies that have proposed autophagy as a strategy to reduce the accumulation
of polyglutamine-expanded protein aggregates and protect against mutant protein neurotoxicity. We
will also discuss some of the currently known mechanisms that induce autophagy, which may be
beneﬁcial for the treatment of these and other neurodegenerative disorders.
 2011 Elsevier Ltd. 
Abbreviations: HD, Huntington’s disease; SCA, spinocerebellar ataxia; DRPLA, Denatorubral-pallidoluysian atrophy; SBMA, spinal and bulbar muscular atropy; Htt,
Huntingtin; UPS, ubiquitin–proteasome system; HDL-2, Huntington’s disease-like 2; IBs, inclusion bodies; RNAi, RNA interference; Atg, autophagy-related genes; ER,
endoplasmic reticulum; PI3K, phosphatidylinositol 3-kinase; JNK1, c-Jun N-terminal protein kinase 1; PE, phosphatidylethanolamine; SNAREs, soluble N-ethylmaleimide-
sensitive factor attachment protein receptors; mTOR, mammalian target of rapamycin; PI-3-P, phosphatidylinositol-3-phosphate; ROS, reactive oxygen species; IP3, inositol-
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Protein misfolding and subsequent aggregation are common
features in many late-onset neurodegenerative disorders, such as
Parkinson’s disease, Alzheimer’s disease and other tauopathies.
The presence of these protein aggregates in brains of patients has
been correlated with neuronal cell death and with earlier onset and
increased symptom severity (Soto and Estrada, 2008). These
disorders are commonly referred to as proteinopathies and include
a group of conditions in which the aggregated proteins are encoded
by genes containing trinucleotide repeat expansions. When this
trinucleotide encodes the amino acid glutamine, it results in
proteins with abnormally extended polyglutamine tracts and the
disorders are hence termed poluglutamine disorders (Orr and
Zoghbi, 2007). These expanded regions confer the protein the
tendency to aggregate when the number of repeats exceeds a
normal physiological number. Whether aggregated forms of these
proteins and their intermediate forms represent toxic or protective
species has been a matter of debate (Takahashi et al., 2010).
However, the mutant proteins cause disease via a toxic gain-of-
function mechanism, and it is generally accepted that degradation
of polyglutamine-containing proteins would be a beneﬁcial
therapeutic approach for the treatment of these diseases. Two
main degradative pathways are responsible for clearance of
misfolded and unnecessary proteins in the cell: the ubiquitin–
proteasome system (UPS) and autophagy (Rubinsztein, 2006).
While oligomierised forms of proteins are inefﬁciently degraded by
the proteasome, they can be targeted for degradation by
autophagy, a lysosomal degradative pathway. In this review, we
will focus on the role of autophagy in polyglutamine disorders,
mainly Huntington’s disease, the most prevalent of these condi-
tions. We will review some of the increasing number of studies
showing the potential beneﬁt of upregulating autophagy for
reducing the presence of these protein aggregates and therefore for
the treatment of these and, other aggregate-prone protein
disorders. We will also discuss different pharmacological
approaches that, through autophagy stimulation, provide protec-
tion in polyglutamine neurodegenerative disorders.
2. Polyglutamine diseases
2.1. Genetics of CAG repeat disorders
Polyglutamine diseases consist of a group of ten autosomal
dominant neurodegenerative disorders, which include Hunting-
ton’s disease (HD), dentatorubral-pollidoluysian atrophy (DRPLA),
spinal and bulbal muscular atrophy (SBMA), several types of
spinocerebellar ataxias (SCAs), and the more recently proposed
Huntington’s disease-like 2 (HDL-2) (Orr and Zoghbi, 2007;
Wilburn et al., 2011). Despite the large spectrum of neurological,
psychiatric and motor symptoms present in these conditions, they
all lead to chronic, slow progressive diseases affecting the central
nervous system, for which no cure is available to date.These disorders share a common genetic etiology, in which genes
contain a repetitive DNA sequence consisting of the trinucleotide
CAG, coding for the amino acid glutamine. This CAG rich region is
unstable and tends to expand from one generation to the next
(La Spada et al., 1994). As a consequence, the resulting protein
contains an abnormal extension of polyglutamines that leads to
individuals developing the disease when the repeats exceed a
certain number. The threshold differs between diseases and is
usually around 40 glutamines (Semaka et al., 2006; Langbehn et al.,
2010). However, in the case of SCA6, an expansion between 18 and
33 glutamines in the CACNA1A gene, which encodes the alpha1A
subunit of the P/Q-type voltage-gated calcium channel, is sufﬁcient
to cause the disease (Riess et al., 1997). Although in all known
polyglutamine disorders there is a direct correlation between the
severity of the disease and the polyglutamine length, the molecular
and cellular mechanisms underlying the pathology are not fully
understood (Orr, 2001). Moreover, the population of target neurons
and the symptoms differ from one disease to the other, indicating
that the nature of the affected protein as well as other genetic factors
contribute to the progression of the disease and speciﬁcity (Gatchel
and Zoghbi, 2005).
Proteins involved in CAG repeat disorders have crucial cellular
activities, and are involved in different functions such as
transcription, signalling or transport. And it is therefore possible
that some aspects of the disease phenotype arise from a loss-of-
function of the wild-type protein. However, mice heterozygous for
Htt deletion do not mimic HD pathology, similar to the lack of
evidence of ataxia or neurodegeneration in ataxin-1-null mice
(Duyao et al., 1995; Zeitlin et al., 1995; Matilla et al., 1998). In
contrast, experimental evidence suggests that that these diseases
result mainly from a gain-of-function of the protein carrying a CAG
expansion. Transgenic expression of the ﬁrst exon or the full length
Htt protein with an expanded polyglutamine produces pathologi-
cal and phenotypic features of HD (Mangiarini et al., 1996;
Hodgson et al., 1999). Moreover, a mouse model ectopically
expressing a polyglutamine repeat presented a neurotoxic
phenotype, characteristic of polyglutamine disorders, as well as
the presence of intraneuronal protein aggregates (Ordway et al.,
1997), suggesting that the polyglutamine repeat itself is sufﬁcient
to render neuronal cell death. A recent study has suggested that
any contribution of a loss-of-function mechanism to HD may be
minimal. Transcriptional regulation was compared between cells
expressing a polyglutamine-expanded Htt and Huntingtin-null
cells, and there was no overlap in the genes regulated in each
condition, suggesting that a loss of the wild-type Htt does not
contribute to the pathology of HD (Jacobsen et al., 2011).
2.2. Properties and toxicity of polyglutamine aggregates
Similar to other proteinopathies, the presence of intraneuronal
protein aggregates is a common feature in the brains of patients
suffering from CAG repeat disorders. Although the polyglutamine
tract is common to all of these disorders and is responsible for the
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areas targeted are protein-speciﬁc, suggesting an important
contribution of the surrounding protein domains, posttranslational
modiﬁcations, cleavage or cellular localization in their pathogene-
sis (Robertson and Bottomley, 2010). For instance, phosphoryla-
tion of threonine 3 in the ﬁrst exon of mutant Htt protein increases
its tendency to aggregate and cause pathology (Aiken et al., 2009).
Aggregates, also termed inclusion bodies (IBs), can be observed
intracellularly by light microscopy and are positive for compo-
nents of the ubiquitin–proteasome system as well as chaperones.
IBs present an amyloid structure similar to a-synuclein or Ab
peptide deposits, and this has been conﬁrmed using anti-amyloid
antibodies, thioﬂavin binding or Congo red birefringence. In the
folding process between the soluble monomeric forms and the IBs,
however, a variety of intermediate oligomeric forms have been
described, including spherical or annular structures, amorphous
forms, protoﬁbrils and ﬁbrils (reviewed in Hands and Wyttenbach,
2010).
The role of these protein aggregates in the disease is controver-
sial. Whether aggregates or the intermediate forms represent toxic,
protective or just incidental species is currently unclear – indeed,
there may be multiple species mediating toxicity via distinct
mechanisms. A protective role of protein inclusions, possibly by
sequestering potentially more toxic intermediate oligomeric forms
of the polyglutamine-containing protein, has been suggested in
mouse models of HD (Arrasate et al., 2004), SCA1 (Watase et al.,
2002) or SCA7 (Yoo et al., 2003). Along these lines, work from
Takahashi et al. (2008) in neuronally differentiated cells showed that
soluble oligomers of polyglutamines are more toxic than monomeric
forms or the IBs. However, there is also evidence supporting a
deleterious effect of protein inclusions. For instance, it has been
shown that aggregate formation correlates with apoptotic cell death
in cultured cells (Hackam et al., 1998; Lunkes and Mandel, 1998) and
in a mouse model of HD (Yamamoto et al., 2000). In general, it is
accepted that, although the nature of the toxic forms is not known,
the propensity to aggregate is related to neuronal toxicity, which is
supported by two facts: First, the length of the polyglutamine tract
directly correlates with the tendency to aggregate, and second, the
number of polyglutamines determines the severity of the disease
and earlier age of onset (Perutz and Windle, 2001).
Consequently, decreasing the levels of expanded polyglutamine
proteins has been pursued as a therapeutic strategy aimed to
reduce the presence of toxic forms of aggregate-prone proteins.
Strategies directed towards decreasing protein levels by affecting
protein synthesis are being developed by targeting their expres-
sion using RNA interference. Since 2005, different HD mouse
models, RNAi types and delivery methods have been tested with
successful improvements in HD phenotypes and therefore this
represents a promising human therapeutic strategy (Harper et al.,
2005; Rodriguez-Lebron et al., 2005; Boudreau et al., 2009).
However, several toxicity issues still need to be addressed related
to the off-target effects of RNAi oligonucleotides and the effects of
long-term treatments. Also, in the heterozygous state it needs to be
considered what the negative implications of simultaneously
silencing both mutant and wild-type genes are, as the con-
sequences of this are not entirely understood (reviewed in Harper,
2009). An alternative strategy to avoid the accumulation of toxic
proteins consists of accelerating their degradation, which, if
speciﬁcally targeted to the mutant form of the protein, could
represent a beneﬁcial and safe therapeutic approach.
2.3. Mechanisms for clearance of polyglutamine proteins: the UPS and
autophagy
In eukaryotic cells, two main pathways are necessary for
degradation of misfolded proteins: the ubiquitin–proteasomesystem (UPS) and autophagy. In the former process, the 76 amino
acid protein ubiquitin is conjugated to a lysine residue on the
degradation-bound substrate via the concerted actions of three
enzymes: an activating enzyme (E1), a conjugating enzyme (E2),
and a ligase (E3). Through this pathway, soluble, short-lived
proteins are targeted to the 26S proteasome, a multisubunit
protease (Pickart, 2001).
Autophagy, on the other hand, does not necessarily involve
selective cargo recognition but it degrades long-lived intracyto-
plasmic proteins and organelles by engulfment of portions of
cytoplasm into a double-membrane vesicle called the autophago-
some. The autophagosome then fuses with the lysosome and
protein degradation occurs, as will be discussed in more detail in
Section 3 (Ravikumar et al., 2010b).
Although Htt is ubiquitinated and targeted for degradation by
the proteasome, Venkatraman et al. (2004) and Holmberg et al.
(2004) showed that the polyglutamine tract cannot be efﬁciently
cleaved by the catalytic subunit of the proteasome, thus releasing
an isolated polyglutamine tract from the proteasome, which could
constitute an even more aggregate-prone and toxic form.
The UPS is a degradative pathway that is constitutively active
under normal conditions and thus it is difﬁcult to ﬁnd mechanisms
for enhancing its activity. Recently, Lee et al. (2010a) described a
non-catalytic approach to increase proteasome activity. They
identiﬁed a small molecule that inhibited the deubiquitinating
enzyme USP14, involved in ubiquitin chain trimming. Treatment
with this compound enhanced degradation of proteins important
in neurodegeneration such as tau, TDP43 or ataxin-3 (a poly-
glutamine expanded protein causing SCA3), and could provide
novel strategies for increasing protein degradation by regulating
protein degradation by the UPS. However, enhancing degradation
by the proteasome may affect key short-lived proteins whose
levels are tightly regulated, such as p53, and thus may have
deleterious effects.
In the following sections, we will review the autophagic
machinery and how upregulation of autophagy could be beneﬁcial
in HD and other polyglutamine diseases, as well as how autophagy
homeostasis is compromised in these and other neurodegenerative
diseases. We will ﬁnally comment on novel therapeutical
strategies that have been proposed for these disorders based on
an enhancement of autophagic activity.
3. Autophagy
3.1. Introduction
Macroautophagy is a bulk degradation process conserved from
yeast to humans. Portions of cytoplasm are engulfed into a double-
membraned vesicle, the autophagosome, which is degraded by
subsequent fusion with lysosomes. While we will focus on
macroautophagy, it is worth noting that other subtypes of
autophagy exist. Chaperone-mediated autophagy degrades soluble
cytoplasmic substrates containing a KEFRQ-like pentapeptide
motif that is recognized by the chaperone heat shock cognate
protein of 70 kDa (Hsc70). The substrate is targeted to the
lysosomal membrane, where it interacts with lysosome-associated
membrane protein type 2A (LAMP2A) and is unfolded before being
translocated across the membrane for degradation within the
lysosome (Kaushik et al., 2011). Microautophagy involves invagi-
nations of the lysosomal membrane. A similar process, termed
endosomal-microautophagy occurs in late endosomes and
requires the action of endosomal sorting complex required for
transport I (ESCRT-I), ESCRT-III and Hsc70 (Sahu et al., 2011).
Macroautophagy (henceforth referred to as autophagy), on the
other hand, begins with the formation of a phagophore or pre-
autophagosomal structure, which elongates and fuses to form a
Fig. 1. Autophagy machinery.
Autophagy is a bulk degradation process in which portions of cytoplasm are engulfed by autophagosomes and degraded by fusion with lysosomes. Current evidence suggests
that multiple compartments, including the endoplasmic reticulum, Golgi, mitochondria, and the plasma membrane may act as lipid donors to the growing phagophore, and
Atg9 has been implicated in the membrane delivery. The Beclin 1 complex regulates the formation of autophagosomes, and includes autophagy-related proteins (shown in
dark blue), and proteins that inhibit autophagy (shown in light blue). An important component of the complex is Vps34, a class III phosphatidylinositol 3-kinase responsible
for the formation of phosphatidylinositol-3-phosphate, which is thought to recruit autophagy-speciﬁc proteins. The anti-apoptotic protein Bcl-2 inhibits autophagy, but is
itself inhibited by phosphorylation mediated by JNK1 under starvation conditions. Two ubiquitin-like reactions contribute to the elongation of phagophores. In the ﬁrst,
Atg12 is conjugated to Atg5 via the concerted actions of Atg7 and Atg10 (E1-like and E2-like, respectively), and the resulting conjugate associates with Atg16L. This complex is
found on the outer leaf of phagophores, and dissociates from completed autophagosomes. In the second ubiquitin-like reaction, LC3 is ﬁrst trimmed by Atg4B to form LC3-I,
and is subsequently conjugated to phosphatidylethanolamine by Atg7 and Atg3 to form LC3-II. LC3-II is found on the inner and outer membranes of phagophores and
autophagosomes, and is recycled from the outer membrane of mature autolysosomes by Atg4B.
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Autophagosomes can fuse with endosomes to form amphisomes
(Gordon and Seglen, 1988), and eventually with lysosomes to form
autolysosomes, where the contents are degraded by lysosomal
hydrolases. This process is upregulated under starvation and stress
conditions, where it functions to liberate nutrients. For example,
immediately after birth, neonates face a period of starvation prior
to receiving nutrients through milk. During this time, autophagy is
signiﬁcantly upregulated, and newborn mice deﬁcient in autop-
hagy fail to survive (Kuma et al., 2004).
Even in basal conditions, however, autophagy can work to clear
misfolded proteins and damaged organelles. For instance, the
autophagic degradation of mitochondria – termed mitophagy by
Lemasters (2005) – protects against cell death by ridding the cell of
damaged mitochondria and thereby preventing the production of
excessive reactive oxygen species (ROS), the release of proapop-
totic proteins such as cytochrome c, and subsequent activation of
caspase 3 and 9 (Ravikumar et al., 2006; Rodriguez-Enriquez et al.,
2006; Kim et al., 2007).
In addition to performing housekeeping functions, autophagy
has several other functions, including the clearance of infectious
agents, such as Mycobacterium tuberculosis (Gutierrez et al., 2004)
and Group A Streptococcus (Nakagawa et al., 2004), aiding in
antigen presentation via major histocompatibility complex class II
(MHC II) (Lee et al., 2010b) and development (Cecconi and Levine,
2008).3.2. Autophagy machinery
Studies in yeast have identiﬁed approximately 30 autophagy-
related (ATG) genes required for autophagy, many of which have
mammalian orthologues (Meijer et al., 2007; Xie and Klionsky,
2007). These genes are involved in various stages of the autophagy
pathway: beginning with initiation of autophagosome formation,
followed by the elongation of the membrane to a complete
autophagosome, and ending with maturation – the fusion with
lysosomes.
3.2.1. Initiation
The formation of phagophores (the precursors of autophago-
somes) begins at so-called phagophore assembly sites. The source
of membrane for the nascent phagophore is still a topic of
considerable debate. Some studies point to the endoplasmic
reticulum (ER) as a contributor to the pre-autophagosomal
structure: using various ﬂuorescence imaging techniques, Axe
et al. (2008) showed that autophagy-speciﬁc proteins accumulate
at structures termed omegasomes that are associated with the ER,
and eventually autophagosomes begin to appear. Later work using
electron microscopy and 3D tomography supports this view
(Hayashi-Nishino et al., 2009; Yla¨-Anttila et al., 2009). Meanwhile,
other groups suggest that the Golgi complex (Geng et al., 2010; van
der Vaart et al., 2010) or mitochondria (Hailey et al., 2010) act as
lipid donors. Recent work from our group has implicated the
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through clathrin-mediated endocytosis (Ravikumar et al., 2010a).
It is quite possible that phagophores acquire membrane from
different subcellular structures.
A critical protein regulating autophagosome formation is the
class III phosphatidylinositol 3-kinase (PI3K) Vps34, the inhibition
of which blocks autophagy (Blommaart et al., 1997) (Fig. 1). Vps34
is responsible for the formation of phosphatidylinositol-3-phos-
phate (PI-3-P). Regions in which PI-3-P is enriched may function to
recruit autophagy-speciﬁc proteins and have been found to
associate with forming phagophores (Axe et al., 2008). Vps34 is
found in a complex with other autophagy-related proteins,
including Beclin 1 (the mammalian orthologue of yeast Atg6),
p150, Barkor/Atg14, UVRAG and Ambra 1 (Kihara et al., 2001;
Itakura et al., 2008; Sun et al., 2008; Liang et al., 2008; Fimia et al.,
2007). Under non-starvation conditions, the anti-apoptotic protein
Bcl-2 binds to Beclin 1 and inhibits the formation of the Beclin 1/
Vps34 complex, thereby inhibiting autophagy (Pattingre et al.,
2005). Successful inhibition of Beclin 1 by Bcl-2 also requires
nutrient-deprivation autophagy factor-1 (NAF-1), a small integral
membrane protein in the ER (Chang et al., 2010). Upon starvation,
however, c-Jun N-terminal protein kinase 1 (JNK1) phosphorylates
Bcl-2 on multiple residues, causing it to dissociate from Beclin 1,
and allowing for the activation of autophagy (Wei et al., 2008).
In another complex, the kinase ULK1 – which localizes to
isolation membranes under starvation conditions – is also
important for autophagosome biogenesis, as its depletion com-
promises autophagy (Chan et al., 2007). Its binding partners,
FIP200 and Atg13, are responsible for the proper localization of
ULK1 to isolation membranes, and furthermore stimulate its
kinase activity (Ganley et al., 2009).
3.2.2. Elongation
While the membrane source for the growing phagophore
remains unclear, Atg9 – the only transmembrane Atg protein – has
been observed to cycle between the trans-Golgi network (TGN) and
endosomes (Young et al., 2006). Upon starvation, Atg9 redis-
tributes from the Golgi near the nucleus to the periphery, where it
colocalizes with LC3 and Atg16L, leading to speculation that Atg9
might function to deliver membrane during phagophore formation
expansion. This process requires ULK1, PI3K activity, and the
membrane curvature-driving protein Bif-1 (Takahashi et al., 2011;
Young et al., 2006).
The elongation of phagophores requires two ubiquitin-like
reactions (Fig. 1). In the ﬁrst reaction, the ubiquitin-like molecule
Atg12 is conjugated to Atg5 via an isopeptide bond through the
actions of Atg7 (E1-like enzyme) and Atg10 (E2-like enzyme)
(Mizushima et al., 1998, 2002; Tanida et al., 2001). This conjugate
associates with Atg16L and oligomerizes to form a 800 kDa
complex (Mizushima et al., 1999, 2003). The interaction of Atg5
and Atg16L is required to target the complex to autophagosome
precursors, and the presence of all three proteins is required for the
elongation of the isolation membrane. The Atg12–Atg5Atg16L
complex localizes to the outer membrane of elongating phago-
phores, but dissociates from complete autophagosomes (Mizush-
ima et al., 2003).
In the other ubiquitin-like reaction, microtubule-associated
protein 1 light chain 3 (MAP1-LC3, or simply LC3), the mammalian
orthologue of Atg8, is conjugated to phosphatidylethanolamine
(PE). First, the C-terminus of pro-LC3 is cleaved by Atg4B to expose
a conserved glycine residue and thus form LC3-I, a cytosolic form of
the protein (Hemelaar et al., 2003). Next, Atg7 acts as an activating
enzyme to form an intermediate with LC3-I (Tanida et al., 2001),
after which LC3 is transferred to the active-site cysteine of the E2-
like enzyme Atg3 and is then conjugated to PE to form membrane-
bound LC3-II (Tanida et al., 2002). LC3-II associates speciﬁcallywith autophagosome membranes and remains bound even after
fusion with lysosomes (Kabeya et al., 2000). In yeast, as well as in
mammals, LC3 has been found to promote membrane tethering
and fusion, suggesting that it enables the growth and expansion of
the forming phagophore (Nakatogawa et al., 2007; Weidberg et al.,
2011). Furthermore, LC3-II levels correlate with the number of
autophagosomes present in the cell, making it the basis for many
assays used in autophagy research (Kabeya et al., 2000; Klionsky
et al., 2008; Rubinsztein et al., 2009). Although LC3-II is found on
both sides of the autophagosome membrane, the molecules on the
outer face are eventually delipidated by Atg4B and recycled
(Tanida et al., 2004).
There is signiﬁcant cross-talk between the two ubiquitin-like
conjugation systems. In addition to the fact that the Atg16L
complex brings LC3 to the site of lipidation and acts as an E3 for
LC3-II conjugation (Fujita et al., 2008), Atg3 also facilitates the
formation of the Atg12–Atg5 conjugate (Tanida et al., 2002).
Meanwhile, Atg10, the E2-like enzyme in Atg12–Atg5 conjugation,
also facilitates the conversion of LC3 to the lipidated form,
although LC3 is not a substrate of Atg10 (Nemoto et al., 2003).
3.2.3. Maturation
In the ﬁnal steps of the autophagic pathway, autophagosomes
may fuse with endosomes, forming amphisomes (Gordon and
Seglen, 1988; Berg et al., 1998), and ultimately with lysosomes,
forming autolysosomes. To achieve this fusion, autophagosomes
move along microtubules towards lysosomes clustered at the
center of the cell using the dynein–dynactin complex (Ravikumar
et al., 2005; Jahreiss et al., 2008; Kimura et al., 2008). In fact, our
group has found that the position of lysosomes themselves
changes according to ﬂuctuations in intracellular pH, driven by
nutrient signalling. Starvation leads to increased intracellular pH,
which enhances lysosomal clustering at the perinuclear area,
putting them in the path of incoming autophagosomes and thereby
facilitating autophagosome–lysosome fusion (Korolchuk et al.,
2011). The machinery required for tethering and fusion includes
soluble N-ethylmaleimide-sensitive factor attachment protein
receptors (SNAREs) (Furuta et al., 2010). Finally, in order for the
autophagosome cargo to be degraded, lysosomal function is also
essential. The macrolide antibiotic baﬁlomycin A1 inhibits the
lysosomal proton pump and thus prevents acidiﬁcation of
lysosomes. According to electron micrograph data by Yamamoto
et al. (1998), which was later conﬁrmed with ﬂuorescent
microscopy (Jahreiss et al., 2008), this also blocks the fusion of
autophagosomes and lysosomes. In contrast, depletion of the
syntaxin-5 SNARE complex impairs the anterograde trafﬁcking of
lysosomal proteases such as cathepsins, and while it does not affect
fusion of autophagosomes with lysosomes, it does block their
degradation (Renna et al., 2011).
3.3. Signalling pathways regulating autophagy
Several signalling pathways tightly control autophagy. The
most well-known pathway involves the mammalian target of
rapamycin (mTOR) complex (Fig. 2), which inhibits autophagy, but
mTOR-independent pathways have also been recently charac-
terised.
mTOR, isolated by Sabers et al. (1995), is a large serine/
threonine protein kinase that exists in two complexes that
comprise the mTOR pathway. Its canonical role is the regulation
of cell growth and proliferation in response to nutrient conditions,
but mTOR also regulates a variety of other cellular pathways,
including autophagy, metabolism, translation, and ribosome
biogenesis (Sarbassov et al., 2005; Loewith et al., 2002). The
mTOR pathway involves two protein complexes, both of which
contain mTOR and GbL (G protein b-subunit-like protein, or
Fig. 2. Inducing autophagy by inhibiting the mTOR pathway.
mTOR is a downstream effector of the class I phosphoinositol 3-kinase (PI3K) pathway. The PI3K pathway regulates AKT phosphorylation which, in turn, inhibits the tuberous
sclerosis complex (TSC)1/2, which activates the small GTPase Rheb, resulting in mTORC1 activation. Rapamycin interacts with FKBP12 which binds to and inhibits mTORC1.
Inhibition of mTORC1 by rapamycin results in dephosphorylation-dependent activation of ULK1 and subsequent ULK1-mediated phosphorylation of Atg13, FIP200 and ULK1
itself, inducing autophagosome synthesis. The rapamycin analogue CCI-779, glucose, glucose-6-phosphate, Torin1, perhexiline, niclosamide and rottlerin also inhibit
mTORC1 activity, either directly or indirectly. Dexamethasone induces autophagy via Akt inhibition. PI103 and structurally related compounds induce autophagy by
inhibiting both PI3K and mTOR. Phenethyl isothiocyanate (PEITC) induces autophagy partially by suppressing the phosphorylation of Akt and mTOR. The vitamin E
antioxidant activates the mTOR pathway and inhibits autophagy.
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The rapamycin-sensitive complex, mTORC1, includes the protein
raptor and is thought to respond to nutrient conditions and
regulate autophagy (Sarbassov et al., 2005; Kim et al., 2002).
Nutrient deprivation and rapamycin inhibit mTORC1 activity (Kim
et al., 2002). The rapamycin-insensitive complex, mTORC2,
contains rictor (also known as mAVO3), and has been shown to
signal to the actin cytoskeleton, regulating actin polymerization
and cell spreading (Jacinto et al., 2004).
A wide assortment of upstream signals affects the mTOR
pathway, including glucose, amino acids and growth factors
(Sarbassov et al., 2005) (Fig. 2). Many of these, however, converge
on the tuberous sclerosis genes TSC1 and TSC2, which produce the
proteins hamartin and tuberin, respectively, and act as regulators
of mTORC1 (Tee et al., 2002). They have an inhibitory effect on
mTORC1 via the small GTPase Rheb, for which TSC2 acts as a
GTPase activating protein (Zhang et al., 2003). Under nutrient-rich
conditions, for example, insulin binds to cell-surface receptors,
activating the class I PI3K pathway, which catalyzes the conversion
of phosphatidylinositol-4,5-bisphosphate (PIP2) to phosphatidyli-
nositol-3,4,5-trisphosphate (PIP3) (Petiot et al., 2000). PIP3 then
recruits proteins containing pleckstrin homology domains, includ-
ing Akt and PDK1, the latter of which contributes to phosphory-
lating Akt (Lawlor and Alessi, 2001). Akt, in turn, inhibits the TSC1/
TSC2 complex, allowing the activation of mTORC1 (Sarbassov et al.,
2005). In contrast, when the nutrient supply is low, the AMP/ATP
ratio increases, and AMP-activated kinase (AMPK) becomes active,
phosphorylating and thereby enhancing the function of TSC2
(Inoki et al., 2003). This consequently leads to the inhibition of
mTORC1 and the induction of autophagy.In recent years, several groups have bridged the gap between
mTOR and autophagy regulation by ﬁnding that the ULK1–Atg13–
FIP200 complex is a downstream target of mTOR (Hosokawa et al.,
2009). Under nutrient-rich conditions, mTORC1 associates with
the complex and phosphorylates ULK1 and Atg13 (Hosokawa et al.,
2009). The ULK1–Atg13–FIP200 complex is essential for autopha-
gosome formation (Chan et al., 2007, 2009), and thus this
inhibitory phosphorylation suppresses autophagy (Hosokawa
et al., 2009). Recently, an mTOR-independent pathway for
activation of ULK1 has been reported. Direct phosphorylation of
ULK1 by AMPK in response to nutrient depletion leads to ULK1
activation and autophagy induction (Kim et al., 2011; Egan et al.,
2011).
In addition to the canonical mTOR pathway, autophagy can be
regulated via mTOR-independent mechanisms as well. For
example, our laboratory has elucidated a cyclical pathway
involving inositol and myoinositol-1,4,5-triphosphate (IP3), both
of which inhibit autophagy (Sarkar et al., 2005). Intracellular cAMP
acts (by means of Epac, Rap2B, and subsequently PLC-e) to increase
IP3 production (Williams et al., 2008). IP3, in turn, binds to
receptors on the ER and leads to calcium release, which activates
calpains that block autophagy (Williams et al., 2008). These
pathways will be explained in greater detail in subsequent
sections, as they were discovered and developed during the search
for novel autophagy-modulating treatments.
4. Autophagy and neurodegeneration
Autophagy appears to be crucial to prevent neurodegeneration,
even in the absence of disease-associated mutant proteins. Two
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that the impaired autophagy function led to the accumulation of
ubiquitin-positive inclusions and to the development of charac-
teristic neurodegeneration phenotypes in these mice (Hara et al.,
2006; Komatsu et al., 2006). In the presence of toxic proteins,
autophagy upregulation has also been shown to be beneﬁcial. In
Alzheimer’s disease, the Ab peptide and the amyloid precursor
protein (APP)-derived fragment (APP-CTF) are cleared upon
autophagy induction (Tian et al., 2011).
Old or damaged mitochondria are less efﬁcient in producing
ATP and release greater amounts of reactive oxygen species (ROS),
the main source of oxidative stress in the cells, and one of the
hallmarks of neurodegeneration. Decreased autophagic degrada-
tion of mitochondria could therefore also constitute a key element
in neurodegenerative diseases. In this context, two proteins related
to autosomal recessive parkinsonism, PINK1 and Parkin, are
important in mitochondrial homeostasis and have been recently
implicated in the selective clearance of mitochondria by autophagy
(Narendra et al., 2008, 2010). Thus, in Parkinson’s disease,
alterations in PINK1 or Parkin may contribute to the accumulation
of dysfunctional mitochondria.
5. Autophagy implications in polyglutamine disorders
5.1. Polyglutamine-expanded proteins are substrates for autophagy
Autophagy was known since the early 1960s as a self-digestion
process necessary for the bulk degradation of cytoplasmic content
in lysosomes. It was not until 40 years later that autophagy was
implicated in the degradation of aggregate-prone proteins and
neurodegeneration. Some initial observations, such as the associ-
ation of Htt protein with vacuoles presenting autophagosomal and
autolysosomal features in a polyglutamine length-dependent
manner, suggested a possible link between autophagy and
neurodegenerative diseases (Kegel et al., 2000).
Later on, in 2002, we proposed that upregulation of autophagy
could constitute a mechanism to prevent accumulation of
aggregate-prone proteins (Ravikumar et al., 2002). We observed
that chemical blockage of autophagy, by inhibition of autophago-
some synthesis or disruption of autophagosome–lysosome fusion,
increased the levels of mutant Htt and led to the accumulation of
protein aggregates and to an exacerbation of the toxicity
associated with these aggregates. This effect was not Htt-speciﬁc
but it also reduced the number of aggregates of different
aggregate-prone protein constructs consisting of purely expanded
polyglutamines or polyalanines. Conversely, upregulating autop-
hagy with the mTOR inhibitor rapamycin resulted in reduced
aggregation and cytotoxicity (Ravikumar et al., 2002). Indeed, the
beneﬁt of rapamycin as a treatment of HD was conﬁrmed in vivo in
ﬂy and mouse models, where administration of rapamycin or its
analogues reduced the number of protein inclusions and improved
motor and behavioural test performance in these HD models
(Ravikumar et al., 2004). More recently, autophagy upregulation
has been shown to be protective in zebraﬁsh models of HD as well
(Williams et al., 2008). The beneﬁcial effects of rapamycin in these
diseases are autophagy dependent, as it has no effects in
proteionopathy ﬂy models where there is reduced activity of
autophagy genes (Berger et al., 2006; Pandey et al., 2007).
Genetic inhibition of autophagy mediated by silencing the
expression of LC3 or Atg5 (Iwata et al., 2005) or Beclin 1 (Shibata
et al., 2006) has supported the importance of autophagy in clearing
polyglutamine-expanded proteins, including full-length mutant
Huntingtin. Interestingly, chemical or genetic inhibition of
autophagy has little or no contribution to the clearance of wild-
type forms of Htt (Ravikumar et al., 2006). Moreover, an additional
cytoprotective mechanism for rapamycin was proposed, as itprotects cells and Drosophila against the toxicity of a range of pro-
apoptotic insults. Although the mechanism remains unclear, a
plausible explanation for the cytoprotective role of rapamycin
involves mitochondrial clearance by autophagy causing a reduc-
tion in cytocrome c levels and caspase activation (Ravikumar et al.,
2006).
Although initially studied in HD, the role of autophagy in
clearing other cytoplamsic polyglutamine-expanded proteins is
becoming more evident. For example, we have reported a
beneﬁcial effect of autophagy on clearance of ataxin-3, the protein
responsible for SCA3, also known as Machado-Joseph disease, the
most common type of SCA. Administration of a rapamycin
analogue, CCI-779, to a SCA3 mouse model with an expanded
ataxin-3 containing 70 glutamines (Bichelmeier et al., 2007),
reduced soluble levels of expanded ataxin-3, decreased the
number of aggregates in brains, and ameloriated motor dysfunc-
tion (Menzies et al., 2010).
In a recent study in a Drosophila model of DRPLA, where
expression of a mutant form or atrophin-1 leads to neurodegen-
eration, a dramatic increase in the number of autophagosomal
structures was observed (Nisoli et al., 2010). This suggested an
alteration of autophagy regulation upon atrophin-1 expression,
which was supported by an exacerbation of the atrophin-related
neurotoxicity when autophagy was genetically impaired. Howev-
er, when autophagy was upregulated by expression of a dominant-
negative form of TOR or treatment with rapamycin, no rescue of
the neurodegenerative phenotype in DRPLA ﬂies was achieved.
Further investigations of the autophagosome–lysosome structures
found after expression of atrophin-1, showed an increase in the
number of autophagic vesicles and autolysosomes. Although
fusion between autophagosomes and lysosomes occurred normal-
ly, lysosomal degradation was impaired. This observation explains
why induction of autophagy has no impact on aggregate clearance
in DRPLA ﬂies. Thus, in this speciﬁc polyglutamine expansion
disorder, targeting the efﬁciency of the lysosomal degradation may
be a more effective strategy for the treatment of DRPLA (Nisoli
et al., 2010).
5.2. Molecular forms of polyglutamine-expanded proteins that are
autophagy substrates
An important aspect in understanding the degradation of
polyglutamine-expanded proteins by autophagy is to discern the
molecular species that are targeted to autophagosomes for
degradation. Whether autophagy reduces the accumulation of
aggregates by engulfment of intermediate oligomeric forms or
aggregated species, or whether aggregation is reduced by
clearance of soluble proteins, thereby reducing the kinetics of
the aggregation process, remains unknown. Although it has been
reported that different autophagy proteins- LC3, Atg5, Atg12 or
Atg16L- are recruited to cytoplasmic aggregates of polyglutamines
and other aggregate-prone proteins (Iwata et al., 2005), it has not
been observed that inclusions are directly engulfed by membra-
nous vesicles. Furthermore, it should be noted that LC3 has been
found to be recruited to polyglutamine aggregates in autophagy-
deﬁcient cells and, therefore, does not necessarily reﬂect the
formation of autophagic structures (Kuma et al., 2007). Since
autophagy substrates can be cleared in cell lines without inclusions
visible by light microscopy, this suggests that autophagy can clear
monomeric or oligomeric species (Webb et al., 2003) and perhaps
the depletion of these leads to an indirect reduction of aggregate
number.
Cellular distribution of protein aggregates is also a critical
determinant when considering up regulation of autophagy as a
therapeutic strategy for these conditions. The localization of these
aggregates varies between different disorders. While in SCA1,
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they are mainly cytoplasmic in SCA2 and SCA6, or are present in
both locations in HD, SCA3, and DRPLA. This is important because
cytoplasmic forms are degraded by autophagy, while autophagic
clearance does not occur in the nucleus. Indeed, nuclear forms of
expanded ataxin-1 are not degraded via autophagy, while a mutant
form containing a defective nuclear localization signal was
successfully cleared (Iwata et al., 2005). Similarly, in SBMA, the
mutant androgen receptor binds to its ligand and is directed to the
nucleus where it aggregates and induces toxicity within motor
neurons. While autophagy can degrade cytoplasmic forms, it fails
to clear the nuclear cytotoxic species (Montie et al., 2009). The fact
that nuclear aggregates cannot be efﬁciently removed could
explain the greater toxicity associated with intranuclear inclusions
in diseases like HD where both cytoplasmic and nuclear aggregates
are present (Yang et al., 2002).
Mutant Htt, as well as androgen receptor, ataxin-3, ataxin-7 or
atrophin are targets for proteolytic cleavage by caspases, calpains,
aspartic endopeptidases or, more recently identiﬁed metallopro-
teinases (Wellington et al., 1998, 2002; Miller et al., 2010),
generating smaller N-terminal fragments containing the poly-
glutamine stretch. This proteolysis is associated with neurotoxicity
and inhibition of caspases has been shown to be beneﬁcial in
different disease models of SCA3 (Berke et al., 2004), DRPLA
(Ellerby et al., 1999), SCA7 (Garden et al., 2002) or HD (Graham
et al., 2006). The presence of these truncated forms of the protein
accelerates aggregation and inﬂuences its location. While longer
forms of mutant Htt are localized mainly in cytoplasmic
aggregates, small cleaved fragments have been shown to form
both nuclear and perinuclear inclusions. Autophagy can degrade
these N-terminal toxic forms as it has been reported for ataxin-7
(Mookerjee et al., 2009) or Htt (Ravikumar et al., 2002; Qin et al.,
2003).
5.3. Selective degradation of protein aggregates by autophagy
Until recently, autophagy was considered a bulk protein
degradation system that engulfed cytoplasmic content without
apparent speciﬁcity. However, recent data indicates that some
selectivity can enhance the degradation of damaged organelles,
invading bacteria and certain misfolded proteins. For instance,
mitochondrial degradation by autophagy in yeast has been
recently shown to involve selective targeting by Atg32. Atg32 is
a protein in the mitochondrial outer membrane that gathers other
Atg proteins to damaged mitochondria in response to oxidative
stress (Kanki et al., 2009; Okamoto et al., 2009). In higher
eukaryotes, a similar cargo receptor function for mitophagy has
been attributed to Nix/Bni3L (Schweers et al., 2007; Sandoval et al.,
2008; Novak et al., 2010).
The ubiquitin-binding protein p62/SQSTM1 is recruited into
ubiquitin-positive inclusions of tau and alpha-synuclein (Kuusisto
et al., 2001), as well as into polyglutamine aggregates (Donaldson
et al., 2003), and it has been suggested to function as a receptor for
the selective autophagic degradation of ubiquitinated substrates.
p62 contains an N-terminal PB1 domain for self-oligomerization
and several domains for interacting with different proteins
including ubiquitin, as well as LC3 (Komatsu et al., 2007; Ichimura
et al., 2008). Inhibition of autophagy led to the accumulation of p62
inclusions, suggesting, together with the fact that p62 interacts
with LC3, that p62 is an autophagic substrate. The self-oligomeri-
zation domain of p62 is required for its degradation as well as for
the formation of protein inclusions. These data support a model in
which p62 binds ubiquitinated proteins and through its self-
oligomerization domain mediates their accumulation and aggre-
gation in protein inclusions. p62 then binds and recruits LC3 to
these aggregates which are degraded in an autophagy-dependentmanner (Komatsu et al., 2007; Bjørkøy et al., 2005). While p62
depletion does not enhance mutant Htt accumulation (Korolchuk
et al., 2009), it is possible there may be redundancy in this selective
degradation system.
Alfy (autophagy-linked FYVE protein) is a PI-3-P binding
protein that interacts with LC3 and is recruited to ubiquitin
inclusions. Furthermore, it was proposed to target protein
aggregates for degradation by autophagy (Simonsen et al.,
2004). Later, it was shown that Alfy overexpression rescued
polyglutamine toxicity in cells and Drosophila and that this effect is
due to its function as an adaptor protein between p62 and
autophagy effectors (Atg5, Atg12, Atg16L1 and LC3), facilitating
autophagic degradation of p62-positive inclusions (Filimonenko
et al., 2010).
The mechanisms described above require proteins to be
polyubiquitinated prior to their degradation by autophagy. In
contrast, a novel mode of selective degradation of mutant Htt
involving previous posttranslational modiﬁcations by acetylation
has recently been suggested. In this model, polyglutamine-
expanded Htt is acetylated by CBP, which increases the rate of
degradation of the protein. Although the exact mechanism remains
unclear, the authors postulate that acetylation constitutes a signal
to target mutant protein to autophagosomes for degradation
(Jeong et al., 2009). Similarly, acetylation of lysine 257 in ataxin-7
by CBP and deacetylation by HDAC7 regulated the turnover of a
cytotoxic fragment of ataxin-7 (Mookerjee et al., 2009). However,
the consequences of this posttranslational modiﬁcation were
opposite to what was observed with mutant Htt. Ataxin-7
acetylation increased the stability of the protein and the
polyglutamine length inversely correlated with this stabilization,
providing a possible explanation for the higher toxicity of the
polyglutamine-expanded protein. They suggested that autophagy
is necessary for the clearance of the non-acetylated forms, this
effect was disrupted in the presence of the autophagy inhibitor 3-
MA but not by proteasome inhibition (Mookerjee et al., 2009).
Further studies will be necessary to clarify the roles of different
posttranslational modiﬁcations in the stability of these mutant
proteins and their and degradation by autophagy in a selective
manner.
5.4. Consequences of polyglutamine expansions on autophagic
activity
As we have discussed, it has been extensively demonstrated
that protein aggregation and cell toxicity can be slowed when
autophagy is enhanced. However, whether accumulation of
misfolded proteins is a consequence of autophagy dysregulation,
or whether autophagy is upregulated in these disorders as a
mechanism to counteract aggregate accumulation is not well
understood. A connection between mutant Htt and autophagy
alterations was described in a cellular model of HD, where
expression of an expanded Htt in mouse striatal neurons was
accompanied by an accumulation of membranes of the endosomal-
lysosomal and autophagic system (Kegel et al., 2000). Also, wild-
type Htt interacts with endosomal and autophagosomal mem-
branes (Atwal et al., 2007) and with Rab5, which is involved in
autophagosome formation (Ravikumar et al., 2008).
An upregulation of autophagy in the presence of polyglutamine
aggregates was suggested by the ﬁnding that mTOR is sequestered
into aggregates in cells expressing exogenous mutant Htt, HD
mouse models and brains of HD patients, which results in the loss
of its catalytic activity and should lead to enhanced autophago-
some formation (Ravikumar et al., 2004). However, positive
regulators of autophagy, such as Beclin 1, are also recruited into
inclusions, with negative consequences for autophagy (Shibata
et al., 2006). It is possible that autophagy levels change during the
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aggregation process. Recently, the generation of a knock-in mouse
model with an early HD phenotype and early accumulation of
inclusions generated by expressing a Htt protein with 200
glutamines presented an early activation of the autophagic
response, suggesting that autophagy could be upregulated in the
initial phases of HD (Heng et al., 2010).
A recent study has suggested a novel effect of mutant Htt in
autophagy deregulation (Martinez-Vicente et al., 2010). While
they did not observe impairment in autophagosome formation or
in the levels of LC3-II in mouse embryonic ﬁbroblast (MEFs)
derived from an HD mouse model expressing the Htt protein with
111 polyglutamines, the rate of protein degradation in these cells
was reduced. The authors found that autophagosomes from HD
cells appeared relatively ‘‘empty’’ by electron microscopy and that
the content of common autophagic cargo, such as mitochondria,
polyubiquitinated proteins or lipid droplets, was reduced. Thus,
the authors suggested that mutant Htt impairs cargo recognition
by autophagosomes, which leads to a failure in protein degradation
(Martinez-Vicente et al., 2010). How the polyglutamine expansion
affects cargo recognition and whether this effect is Htt-speciﬁc or
could be extended to other polyglutamine diseases and other
proteinopathies requires further studies.
In an attempt to investigate the contribution of the poly-
glutamine expansion in disease, mice were generated where the
normal 7 glutamine repeat stretch in murine htt was replaced with
a mouse allele where the normal polyglutamine tract was
eliminated (DQ-Htt) (Zheng et al., 2010). Deletion of the
polyglutamine stretch rescued the HD phenotype caused by an
expanded allele in trans, shown by a reduction in the number of
mutant Htt aggregates, improved performance in motor and
behavioural tests, and extended the life span. This longevity effect
was observed not only when expressed in an HD model, but also in
wild-type mice, expressing DQ-Htt. We also found that these mice
had an increase in autophagy and that expression of DQ-Htt, but
not the wild-type Htt, enhanced the clearance of aggregates when
expressed in cultured cells. It seems, thus, that the polyglutamine
stretch, even when expressed at its normal length, might have
some negative effect, possibly by negatively regulating autophagy
levels (Zheng et al., 2010).
6. Modulating autophagy to treat polyglutamine diseases
Given the protective effect that autophagy exerts in a variety of
in vitro and in vivo models of polyglutamine diseases, the
identiﬁcation of strategies to induce autophagy might constitute
a viable therapeutic approach to effectively treat these conditions.
This can be achieved by enhancing autophagy via mTOR-
dependent or mTOR-independent signalling, as has been shown
with a range of autophagy modulators tested in various models of
polyglutamine diseases (Table 1).
6.1. mTOR-dependent autophagy inducers
Until recently, the only drug known to upregulate autophagy
was rapamycin, which induces autophagy by inhibiting mTOR.
Therefore, rapamycin or its analogues were initially tested as an
approach to enhance autophagic clearance of polyglutamine
expanded proteins (Ravikumar et al., 2002, 2004). Other mTOR
inhibitors have later been conﬁrmed to induce autophagy (Fig. 2).
Perhexiline, niclosamide, rottlerin and amiodarone were found in
an automated cell-based assay screen of more than 3500 chemicals
to induce autophagy via mTORC1 inhibition (Balgi et al., 2009). It
should be noted that amiodarone was found in two independent
screens of autophagy inducers. At lower concentrations, it induces
autophagy in an mTOR-independent manner via Ca2+ channels,which will be reviewed below (Zhang et al., 2007; Williams et al.,
2008). Also, torin1, a selective ATP-competitive small molecule has
been reported to inhibit mTORC1 activity and subsequently
increase autophagy to a much greater degree than rapamycin
(Thoreen et al., 2009). As of yet, torin1 has not been tested in
models of polyglutamine disease.
Increased intracellular glucose levels have been shown to
enhance mutant Htt clearance and decrease mutant Htt aggre-
gates. This effect is mediated by glucose 6-phosphate, which
induces autophagy via mTOR inhibition (Ravikumar et al., 2003).
Autophagy induction via regulation of class I PI3K and Akt
signalling has also been reported to be mediated by the
glucocorticoid dexamethasone. In acute lymphoblastic leukaemia
and multiple myeloma cells, dexamethasone induced autophagy
through dephosphorylation and subsequent inactivation of Akt
(Fig. 2) (Laane et al., 2009; Grande´r et al., 2009). Phenethyl
isothiocyanate (PEITC), an anti-cancer agent, has been suggested to
induce Atg5-dependent autophagy. PEITC was found to increase
autophagy partially due to its ability to suppress phosphorylation
and activation of both Akt and mTOR (Bommareddy et al., 2009)
(Fig. 2).
PI103 is a selective class I PI3K inhibitor that also inhibits mTOR
in an ATP-competitive manner (Fig. 2) (Raynaud et al., 2007) and it
has been shown to be a strong inducer of autophagy (Degtyarev
et al., 2008). While PI103 itself cannot be used as an effective
therapeutic approach due to its rapid in vivo metabolism and
limited aqueous solubility (Degtyarev et al., 2008), it has been
utilised to develop other dual PI3K and mTOR inhibitors (Liu et al.,
2009a,b), which could have potential applications in treating some
diseases.
It should be noted that antioxidants, such as vitamin E, have
been considered as treatments for diseases such as HD to alleviate
the oxidative stress that is commonly associated with the
pathogenesis of neurodegeneration (Shoulson, 1998; Peyser
et al., 1995; Kamat et al., 2008). Oxidative stress occurs when
the production of ROS exceeds the capability of antioxidant
mechanisms to effectively counterbalance ROS production. How-
ever, ROS are associated with the induction of autophagy and
antioxidants can inhibit basal and induced levels of autophagy
(Scherz-Shouval et al., 2007; Underwood et al., 2010). ROS
scavengers block autophagy by increasing mTOR activity
(Fig. 2), thus it is important to consider the effects that antioxidants
may have in the induction of autophagy, specially because many
HD patients take antioxidant active supplements.
As mTOR is a central regulator of many cellular processes
(Sarbassov et al., 2005; Loewith et al., 2002) in addition to
autophagy, mTOR-inhibition may have side-effects independent of
autophagy that could limit its long-term compliance in diseases
like HD. Rapamycin is an immunosuppressive agent and impaired
wound healing and mouth ulceration are known side effects.
Therefore, we and others have tried to identify mTOR-independent
autophagy modulators.
6.2. mTOR-independent autophagy inducers
6.2.1. Regulating the phosphoinositol pathway
The ﬁrst alternative mechanism that was characterised as
increasing autophagy independently of mTOR was the reduction of
intracellular levels of inositol or (IP3) (Sarkar et al., 2005). Mood-
stabilizing drugs such as lithium, sodium valproate and carbamaz-
epine, which reduce inositol levels (Williams et al., 2002), induced
autophagic clearance of mutant Htt (Sarkar et al., 2005) (Fig. 3).
Consequently, treatment with these drugs led to a reduction of
mutant Htt aggregation in HD cell models, as well as alleviating the
disease phenotype in ﬂy models of HD (Sarkar et al., 2005, 2008;
Williams et al., 2008).
Table 1
Autophagy modulators shown to be protective in polyglutamine disease models and their mode of action in modulating autophagy.
Autophagy Modulator Effect in polyglutamine disease 
model 
Mode of action References
(1) Rapamycin 
(2) CCI-779 and other
rapamycin analogues like
RAD001, AP23573
(3) Glucose
(4) Glucose-6-phosphate
(5) Torin1
(6) Perhexiline
(7) Niclosamide
(8) Rottlerin
Enhances clearance of mutant Htt (1-4), ataxin 3 
(1, 2);  mutant Htt (1-4), and expanded polyQ  (1, 
2) aggregates;  toxicity and protective in cell (1-4), 
fly (1), mouse  (1, 2) and zebrafish (1)  HD models; 
protective in fly model of SBMA (1), flies with 
expanded polyQ (1) and mouse model of 
spinocerebellar ataxia type 3 (2). Better efficacy in 
cell and fly HD models when used with lithium (1)
mTORC1 inhibition 
Ravikumar et al., 2002, 
Ravikumar et al., 2004, 
Berger et al., 2006, 
Pandey et al., 2007, 
Ravikumar et al., 2003, 
Underwood et al., 2010, 
Menzies et al., 2010, 
Sarkar, Krishna et al., 2008, 
Thoreen et al., 2009, 
Balgi et al., 2009
(9) PI103 and structurally 
related compounds - Dual PI3K and mTOR inhibitor Degtyarev et al., 2008 
(10) Phenethyl
isothiocyanate (PEITC) - 
Supresses phosphorylation of Akt 
and mTOR
Bommareddy et al., 2009
(11) Dexamethasone - Glucocorticoid, mTOR inhibition by
upregulating Akt dephosphorylation 
Laane et al., 2009, 
Grandér et al., 2009 
(12) Lithium
(13) L-690,330
Enhances clearance of mutant Htt (12, 13); 
 mutant Htt aggregates (12, 13); 
 toxicity and protective in cell (12, 13) and fly (12)
HD models.  Better efficacy in cell and fly HD 
models when used with rapamycin (12)
Inhibits IMPase and inositol and IP3
levels; mTOR-independent 
Sarkar et al., 2005
Sarkar et al., 2008
(14) Sodium Valproate 
(15) Carbamazepine 
Enhances clearance of mutant Htt (14, 15); 
 mutant Htt aggregates (14, 15);  toxicity and 
protective in cell (14, 15) and fly (14) HD models 
inositol and IP3 levels; mTOR 
independent 
Sarkar et al., 2005
Williams et al., 2008 
(16) Clonidine 
(17) Rilminidine 
Enhances clearance of mutant Htt (16, 17); 
 mutant Htt aggregates (16, 17); protective in cell 
(16, 17), fly (16) and zebrafish (16) and mouse (17) 
HD models 
Imidazoline-1 receptor agonist 
causing in cAMP; mTOR 
independent 
Williams et al., 2008 
Underwood et al., 2010 
Rose et al., 2010
(18) 2’- 5’-dideoxyadenosine 
Enhances clearance of mutant Htt ; mutant Htt 
aggregates, protective in cell and zebrafish HD 
models (18)
Inhibits adenyl cyclase causing in 
cAMP; mTOR independent 
Williams et al., 2008 
(19) Verapamil
(20) Loperamide 
(21) Amiodarone*
(22) Niguldipine 
(23) Pimozide
(24) Nimodipine
(25) Nitrendipine
Enhances clearance of mutant Htt (19-21, 24-25); 
mutant Htt (19-21, 24-25) and expanded polyQ 
aggregates (20-23); protective in cell (19-21, 24-
25), fly (19)  and zebrafish (19) HD models 
L-type Ca
2+
 channel antagonists; 
mTOR independent 
* Amiodarone has also been
suggested to inhibit mTORC1 
Williams et al., 2008 
Zhang et al., 2007 
Balgi et al., 2009
(26) Calpastatin 
(27) Calpeptin
Enhances clearance of mutant Htt (26, 27); 
 mutant Htt aggregates (26, 27); protective in cell 
(26, 27) and zebrafish (26) HD models 
Calpain inhibitor; mTOR independent Williams et al., 2008 
(28) NF449  mutant Htt aggregates in cells (28) GS inhibitor; mTOR independent Williams et al., 2008 
(29) SMER10
(30) SMER 18
(31) SMER28
(32) 18 SMER analogues
Enhances clearance of mutant Htt (29-32); 
 mutant Htt aggregates (29-32); protective in cell 
and fly HD models (29-31)
Unknown mechanism; mTOR 
independent 
Sarkar et al., 2007
(33) Fluspirilene 
(34) Trifluoperazine  expanded polyQ aggregates in cells (33-34)
Dopamine antagonists; mTOR 
independent 
Zhang et al., 2007 
(35) Penitrem A  expanded polyQ aggregates in cells (35)
Inhibits high conductance Ca
2+
activated K+ channels; mTOR 
independent 
Zhang et al., 2007 
(36) Trehalose
Enhances clearance of mutant Htt; mutant Htt 
aggregates; protective in cell and mouse HD 
models (36)
Unknown mechanism; mTOR 
independent 
Sarkar et al., 2006 
Tanaka et al.. 2004
(37) Minoxidil Enhances clearance of mutant Htt; mutant Htt 
aggregates; protective in cell and mouse  HD 
models (37)
K
+
ATP channel opener; mTOR
independent 
Williams et al., 2008 
In green, autophagy inducers; in blue, autophagy modulators to be investigated further in polyglutamine disease models; ", increase; #, decrease.
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kinase-3b (GSK3b) and inositol monophosphatase (IMPase)
(Gould et al., 2002; Coyle and Duman, 2003). Lithium induces
autophagy through the inhibition of IMPase, preventing inositol
recycling downstream of IP3, which was conﬁrmed by using L-
690,330, a speciﬁc IMPase inhibitor, that has a similar effect to
lithium on the clearance of mutant proteins (Fig. 3).
Inositol-lowering drugs induce autophagy by reducing IP3 levels,
since this effect is abolished by treatments that increase IP3 levels
(Sarkar et al., 2005). IP3 can bind to IP3 receptors (IP3Rs) on the ERcausing a release in Ca2+ from ER stores (Patterson et al., 2004) and
elevated Ca2+ levels are known to inhibit autophagy (Gordon et al.,
1993) (Fig. 3). As a consequence, autophagy can be induced through
the pharmacological inhibition or genetic knockdown of IP3Rs (Fig.
3) (Criollo et al., 2007). Also, in the absence of IP3R, mitochondrial
uptake of Ca2+ is reduced and leads to the activation of AMPK
signalling and consequent induction of autophagy (Ca´rdenas et al.,
2010). The activation of AMPK mediated by lower levels of Ca2+ is
thus a very plausible mechanism accounting for the autophagy-
inducing effects of agents reducing IP3 levels.
Fig. 3. Inducing autophagy independent of the mTOR pathway.
The cyclical mTOR-independent pathway consists of the cAMP-Epac-PLC-e, phosphoinositol and Ca2+-calpain-GSa pathways and has multiple points where it can be
modulated to induce autophagy in order to treat polyglutamine diseases. Intracellular cAMP levels are increased by adenylyl cyclase (AC), which activates Epac, which in
turn activates the small G-protein Rap2B that activates phospholipase C (PLC)-e. PLC-e activation results in the production of IP3 from phosphatidylinositol 4,5-
bisphosphate (PIP2) and IP3 binds to the endoplasmic reticulum (ER) IP3Rs releasing Ca
2+ from ER Ca2+ stores. Intracytosolic Ca2+ levels are also increased by Ca2+ inﬂux due
to L-type Ca2+ channel agonist binding. Increase in intracytosolic Ca2+ activates the cysteine protease calpains which cleave and activate GSa. GSa activation results in an
increase in AC activity elevating cAMP levels, therefore as part of a loop. Activation of this loop pathway inhibits autophagy. Drugs targeting targets at different stages
within the loop can induce autophagy and are protective in various polyglutamine disease models such as: imidazoline-1-receptor (I1R) agonists (clonidine and
rilmenidine) and the AC inhibitor 20 ,50-dideoxyadenosine (2050ddA) that act to decrease cAMP levels; agents that reduce inositol and IP3 levels (lithium, L-690,330, sodium
valproate and carbamazepine); Ca2+ channel blockers (verapamil, loperamide, amiodarone, nimodipine, nitrendipine, niguldipine and pimozide); calpain inhibitors
(calpastatin and calpeptin) and the GSa inhibitor NF449. JNK phosphorylation of Bcl-2 results in the dissociation of Bcl-2 from Beclin 1 causing an induction of autophagy.
The thiol antioxidants N-acetyl cysteine (NAC) and glutathione inhibit JNK activation and thus inhibit the phosphorylation of Bcl-2 resulting in the inhibition of autophagy
as shown in cell, ﬂy and zebraﬁsh models of HD.
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In order to identify new mTOR-independent pathways to
induce autophagy, we carried out a screen of 253 compounds
comprising FDA-approved drugs and pharmacologically active
compounds, analysing the effects of these drugs on the clearance of
mutant Htt (Williams et al., 2008). Clonidine, an imidazoline-1
receptor (I1R) agonist, was identiﬁed in this screen as an mTOR-
independent autophagy enhancer that increased clearance of
mutant Htt. This drug, as well as rilmenidine (another clinically
approved drug), enhances autophagy by lowering cAMP levels
through its I1R agonist activity (Fig. 3) (Williams et al., 2008).
Along the same lines, reducing cAMP levels by inhibiting adenylyl
cyclase through 20,50-dideoxyadenosine also increased autophagy.
cAMP regulates autophagy through Epac-PLCe signalling, which
converges on the modulation of IP3 levels (Fig. 3).
Both clonidine and rilmenidine have been shown to induce
autophagy and enhance the clearance of mutant Htt (Williams
et al., 2008; Rose et al., 2010). Clonidine and 2050-dideoxyadenosine
are protective in zebraﬁsh models of HD and clonidine has also
been shown to be protective in cells and ﬂies expressing the
mutant Htt protein (Williams et al., 2008). Recently, we reported
the ability of rilmenidine to attenuate the disease phenotype in a
mouse model of HD by reducing levels of mutant Htt fragments viathe activation of autophagy (Rose et al., 2010). In safety trials,
rilmenidine did not show an excess of adverse side effects when
compared to placebo (Yu and Frishman, 1996). This indicates the
possibility of using cAMP modulators to treat polyglutamine
diseases, as many of them are already well-tolerated drugs used for
the treatment of other conditions.
6.2.3. Regulating the Ca2+-calpain-GSa pathway
In the same screen that identiﬁed clonidine as an autophagy
enhancer, the L-type Ca2+ channel antagonists verapamil, loper-
amide, amiodarone, nimodipine and nitrendipine were identiﬁed
to enhance autophagic clearance of mutant Htt proteins (Williams
et al., 2008). When binding to L-type Ca2+ channels, these drugs
prevent the inﬂux of Ca2+ into the cell, and thus decrease the
intracellular levels of Ca2+, resulting in increased autophagy, as
previously reported (Fig. 3) (Gordon et al., 1993). The Ca2+ channel
blockers niguldipine and pimozide (along with loperamide and
amiodarone) were identiﬁed as autophagy enhancers in another
screen analysing the effect of drug treatment on the number of
GFP-LC3 vesicles in cells (taken to be a readout of autophagy)
(Zhang et al., 2007). Rises in intracellular Ca2+ levels activate
calpain activity, and calpain inhibition has also been shown in this
screen to activate autophagy (Williams et al., 2008) (Fig. 3).
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Trehalose, a dissacharide, is another mTOR-independent
autophagy inducer (Table 1). It also acts as a chemical chaperone
able to inﬂuence protein folding and aggregation through protein–
trehalose interactions (Davies et al., 2006; Chen and Haddad, 2004;
Sarkar et al., 2007a). Trehalose has been reported to reduce mutant
Htt aggregation and toxicity in cell models of HD and attenuate
disease pathology in a mouse model of HD via its chemical
chaperone activity (Tanaka et al., 2004). Meanwhile, it can also
enhance clearance of mutant aggregate-prone mutant Htt and
protect against apoptotic insults in cells via its autophagy-inducing
properties (Sarkar et al., 2007a). Thus, the additive effects of its
autophagy-inducing and chemical chaperone activities, coupled
with its lack of toxicity, suggest trehalose could be of potential
beneﬁt in the treatment of polyglutamine diseases.
A screen in yeast with 50,729 compounds was carried out to
identify small molecule chemical modiﬁers of the cytostatic effects
of rapamycin (Sarkar et al., 2007b). Small molecule enhancers of
rapamycin (SMERs) and small molecule inhibitors of rapamycin
(SMIRs) were tested in a secondary screen for their effects on
autophagy that were independent of rapamycin. Three SMERs
were identiﬁed as inducers of autophagy, which enhanced the
clearance of mutant Htt fragments, reduced mutant Htt aggrega-
tion and were protective in cell and ﬂy models of HD:SMER10,
SMER18, and SMER28 (Table 1). The autophagy-inducing effects of
these SMERs were indicated as being independent of mTOR, and 18
structural analogues were identiﬁed to also enhance the clearance
of mutant Htt aggregate-prone proteins (Sarkar et al., 2007b).
Another screen identiﬁed ﬂuspirilene and triﬂuoperazine
(dopamine antagonists) and penitrem A (inhibitor of high
conductance Ca2+-activated K+ channels) as autophagy enhancers
(Zhang et al., 2007). They were found to reduce the number of
expanded polyglutamine aggregates by increasing autophagy
independently of mTOR (Table 1).
6.3. Combination treatment approaches that induce autophagy
Rapamycin or other mTOR inhibitors can be combined
effectively with mTOR-independent inducers, such as trehalose,
calpastatin and the SMERs, to enhance autophagic clearance of
aggregate-prone proteins (Williams et al., 2008; Sarkar et al.,
2007a,b). Combination treatment consisting of lithium or L-
690,330 with rapamycin results in enhanced clearance of mutant
Htt and enhanced protective effects in cell and ﬂy models of HD,
compared to treatment with either drug alone (Sarkar et al., 2005,
2008), These effects are due to the additive effects of mTOR
inhibition (by rapamycin) and the mTOR-independent phosphoi-
nositol pathway regulation (by lithium and L-690,330) in
enhancing autophagy (Sarkar et al., 2005). Indeed, treatment of
heterozygous TOR mutant ﬂies (with impaired TOR activity)
expressing mutant Htt with lithium shows higher neuroprotec-
tion when compared to non-treated heterozygous ﬂies (Sarkar
et al., 2008). In addition, lithium is also known to inhibit GSK-3b,
which results in mTOR activation, which would inhibit autophagy
(Inoki et al., 2006; Sarkar et al., 2008). Combination of lithium
with rapamycin would help to counteract the undesired inhibi-
tion of autophagy resulting from GSK-3b activation (Sarkar et al.,
2008). Lithium and rapamycin combination treatment of poly-
glutamine diseases is also attractive due to the additional
protective effects that lithium GSK-3b inhibition has by exerting
cytoprotective effects due to activation of the b-catenin/Tcf
pathway (Carmichael et al., 2002; Berger et al., 2005; Sarkar et al.,
2008).
These combination treatments are potentially desirable not
only because of their additive effects in autophagic clearance of
mutant proteins, but also due to the compensatory effect one drugmay have for any unwanted side effects of the other drug
that result from non-speciﬁc actions on alternative signalling
processes. Therefore, one may be able to use lower doses of
the respective drugs to achieve sufﬁcient levels of autophagy
induction, to achieve higher efﬁcacy with minimal unwanted side
effects. Further demonstration of combination strategies in animal
polyglutamine disease models is required.
6.4. Future therapeutic prospects
Autophagy interacts with other cellular processes associated
with neurodegeneration in polygutamine diseases and a greater
understanding of this relationship is vital for determining the most
effective treatment strategies. For example, the oxidative stress
associated with HD can be targeted by antioxidant treatment in HD
patients but, as we have shown, antioxidants can inhibit the basal
and induced levels of autophagy (Underwood et al., 2010).
Therefore, it is important to further test combinations of
autophagy-inducing modulators with other polyglutamine disease
treatments targeting different cellular processes associated with
disease pathology.
In addition to this, it is obvious that early drug administration is
key to effective treatment. Indeed, with monogenic diseases like
polyglutamine diseases, most cases will have a family history and
thus it is possible to treat patients at risk with pre-symptomatic
treatment. Thus, better understanding of how diseases affect
autophagy and how autophagy modulators may beneﬁt disease
may have clinical impact.
Acknowledgements
We are grateful for funding from the MRC (Programme Grant to
DCR), the Wellcome Trust (Senior Fellowship to DCR, studentship
for EZ), Wellcome Trust/MRC Strategic grant on Alzheimer’s
disease, BBSRC/Lilly (Studentship for FT), and the NIHR Biomedical
Research Centre at Addenbrooke’s Hospital.
References
Aiken, C.T., Steffan, J.S., Guerrero, C.M., Khashwji, H., Lukacsovich, T., Simmons, D.,
Purcell, J.M., Menhaji, K., Zhu, Y.-Z., Green, K., et al., 2009. Phosphorylation of
threonine 3: implications for Huntingtin aggregation and neurotoxicity. J. Biol.
Chem. 284, 29427–29436.
Arrasate, M., Mitra, S., Schweitzer, E.S., Segal, M.R., Finkbeiner, S., 2004. Inclusion
body formation reduces levels of mutant Huntingtin and the risk of neuronal
death. Nature 431, 805–810.
Atwal, R.S., Xia, J., Pinchev, D., Taylor, J., Epand, R.M., Truant, R., 2007. Huntingtin has
a membrane association signal that can modulate Huntingtin aggregation,
nuclear entry and toxicity. Hum. Mol. Genet. 16, 2600–2615.
Axe, E.L., Walker, S.A., Manifava, M., Chandra, P., Roderick, H.L., Habermann, A.,
Grifﬁths, G., Ktistakis, N.T., 2008. Autophagosome formation from membrane
compartments enriched in phosphatidylinositol 3-phosphate and dynamically
connected to the endoplasmic reticulum. J. Cell Biol. 182, 685–701.
Balgi, A.D., Fonseca, B.D., Donohue, E., Tsang, T.C.F., Lajoie, P., Proud, C.G., Nabi, I.R.,
Roberge, M., 2009. Screen for chemical modulators of autophagy reveals novel
therapeutic inhibitors of mTORC1 signaling. PLoS ONE 4, e7124.
Berg, T.O., Fengsrud, M., Strømhaug, P.E., Berg, T., Seglen, P.O., 1998. Isolation and
characterization of rat liver amphisomes. Evidence for fusion of autophago-
somes with both early and late endosomes. J. Biol. Chem. 273, 21883–21892.
Berger, Z., Ravikumar, B., Menzies, F.M., Oroz, L.G., Underwood, B.R., Pangalos, M.N.,
Schmitt, I., Wullner, U., Evert, B.O., O’Kane, C.J., et al., 2006. Rapamycin
alleviates toxicity of different aggregate-prone proteins. Hum. Mol. Genet.
15, 433–442.
Berger, Z., Ttoﬁ, E.K., Michel, C.H., Pasco, M.Y., Tenant, S., Rubinsztein, D.C., O’Kane,
C.J., 2005. Lithium rescues toxicity of aggregate-prone proteins in Drosophila by
perturbing Wnt pathway. Hum. Mol. Genet. 14, 3003–3011.
Berke, S.J.S., Schmied, F.A.F., Brunt, E.R., Ellerby, L.M., Paulson, H.L., 2004. Caspase-
mediated proteolysis of the polyglutamine disease protein ataxin-3. J. Neuro-
chem. 89, 908–918.
Bichelmeier, U., Schmidt, T., Hu¨bener, J., Boy, J., Ru¨ttiger, L., Ha¨big, K., Poths, S.,
Bonin, M., Knipper, M., Schmidt, W.J., et al., 2007. Nuclear localization of ataxin-
3 is required for the manifestation of symptoms in SCA3: in vivo evidence. J.
Neurosci. 27, 7418–7428.
M. Jimenez-Sanchez et al. / Progress in Neurobiology 97 (2012) 67–82 79Bjørkøy, G., Lamark, T., Brech, A., Outzen, H., Perander, M., Overvatn, A., Stenmark,
H., Johansen, T., 2005. p62/SQSTM1 forms protein aggregates degraded by
autophagy and has a protective effect on Huntingtin-induced cell death. J. Cell
Biol. 171, 603–614.
Blommaart, E.F., Krause, U., Schellens, J.P., Vreeling-Sindela´rova´, H., Meijer, A.J.,
1997. The phosphatidylinositol 3-kinase inhibitors wortmannin and LY294002
inhibit autophagy in isolated rat hepatocytes. Eur. J. Biochem. 243, 240–246.
Bommareddy, A., Hahm, E.R., Xiao, D., Powolny, A.A., Fisher, A.L., Jiang, Y., Singh, S.V.,
2009. Atg5 regulates phenethyl isothiocyanate-induced autophagic and apo-
ptotic cell death in human prostate cancer cells. Cancer Res. 69, 3704–3712.
Boudreau, R.L., McBride, J.L., Martins, I., Shen, S., Xing, Y., Carter, B.J., Davidson, B.L.,
2009. Nonallele-speciﬁc silencing of mutant and wild-type Huntingtin demon-
strates therapeutic efﬁcacy in Huntington’s disease mice. Mol. Ther. 17, 1053–
1063.
Ca´rdenas, C., Miller, R.A., Smith, I., Bui, T., Molgo´, J., Mu¨ller, M., Vais, H., Cheung, K.-
H., Yang, J., Parker, I., et al., 2010. Essential regulation of cell bioenergetics by
constitutive InsP3 receptor Ca2+ transfer to mitochondria. Cell 142, 270–283.
Carmichael, J., Sugars, K.L., Bao, Y.P., Rubinsztein, D.C., 2002. Glycogen synthase
kinase-3beta inhibitors prevent cellular polyglutamine toxicity caused by the
Huntington’s disease mutation. J. Biol. Chem. 277, 33791–33798.
Cecconi, F., Levine, B., 2008. The role of autophagy in mammalian development: cell
makeover rather than cell death. Dev. Cell 15, 344–357.
Chan, E.Y.W., Kir, S., Tooze, S.A., 2007. siRNA screening of the kinome identiﬁes ULK1
as a multidomain modulator of autophagy. J. Biol. Chem. 282, 25464–25474.
Chan, E.Y.W., Longatti, A., McKnight, N.C., Tooze, S.A., 2009. Kinase-inactivated ULK
proteins inhibit autophagy via their conserved C-terminal domains using an
Atg13-independent mechanism. Mol. Cell. Biol. 29, 157–171.
Chang, N.C., Nguyen, M., Germain, M., Shore, G.C., 2010. Antagonism of Beclin 1-
dependent autophagy by BCL-2 at the endoplasmic reticulum requires NAF-1.
EMBO J. 29, 606–618.
Chen, Q., Haddad, G.G., 2004. Role of trehalose phosphate synthase and trehalose
during hypoxia: from ﬂies to mammals. J. Exp. Biol. 207, 3125–3129.
Coyle, J.T., Duman, R.S., 2003. Finding the intracellular signaling pathways affected
by mood disorder treatments. Neuron 38, 157–160.
Criollo, A., Maiuri, M.C., Tasdemir, E., Vitale, I., Fiebig, A.A., Andrews, D., Molgo, J.,
Diaz, J., Lavandero, S., Harper, F., et al., 2007. Regulation of autophagy by the
inositol trisphosphate receptor. Cell Death Differ. 14, 1029–1039.
Davies, J.E., Sarkar, S., Rubinsztein, D.C., 2006. Trehalose reduces aggregate forma-
tion and delays pathology in a transgenic mouse model of oculopharyngeal
muscular dystrophy. Hum. Mol. Genet. 15, 23–31.
Degtyarev, M., De Mazie`re, A., Orr, C., Lin, J., Lee, B.B., Tien, J.Y., Prior, W.W., van Dijk, S.,
Wu, H., Gray, D.C., et al., 2008. Akt inhibition promotes autophagy and sensitizes
PTEN-null tumors to lysosomotropic agents. J. Cell Biol. 183, 101–116.
Donaldson, K.M., Li, W., Ching, K.A., Batalov, S., Tsai, C.-C., Joazeiro, C.A.P., 2003.
Ubiquitin-mediated sequestration of normal cellular proteins into polygluta-
mine aggregates. Proc. Natl. Acad. Sci. U.S.A. 100, 8892–8897.
Duyao, M.P., Auerbach, A.B., Ryan, A., Persichetti, F., Barnes, G.T., McNeil, S.M., Ge, P.,
Vonsattel, J.P., Gusella, J.F., Joyner, A.L., 1995. Inactivation of the mouse Hun-
tington’s disease gene homolog Hdh. Science 269, 407–410.
Egan, D.F., Shackelford, D.B., Mihaylova, M.M., Gelino, S., Kohnz, R.A., Mair, W.,
Vasquez, D.S., Joshi, A., Gwinn, D.M., Taylor, R., et al., 2011. Phosphorylation of
ULK1 (hATG1) by AMP-activated protein kinase connects energy sensing to
mitophagy. Science 331, 456–461.
Ellerby, L.M., Hackam, A.S., Propp, S.S., Ellerby, H.M., Rabizadeh, S., Cashman, N.R.,
Triﬁro, M.A., Pinsky, L., Wellington, C.L., Salvesen, G.S., et al., 1999. Kennedy’s
disease: caspase cleavage of the androgen receptor is a crucial event in
cytotoxicity. J. Neurochem. 72, 185–195.
Filimonenko, M., Isakson, P., Finley, K.D., Anderson, M., Jeong, H., Melia, T.J., Bartlett,
B.J., Myers, K.M., Birkeland, H.C.G., Lamark, T., et al., 2010. The selective
macroautophagic degradation of aggregated proteins requires the PI3P-binding
protein Alfy. Mol. Cell 38, 265–279.
Fimia, G.M., Stoykova, A., Romagnoli, A., Giunta, L., Di Bartolomeo, S., Nardacci, R.,
Corazzari, M., Fuoco, C., Ucar, A., Schwartz, P., et al., 2007. Ambra1 regulates
autophagy and development of the nervous system. Nature 447, 1121–1125.
Fujita, N., Itoh, T., Omori, H., Fukuda, M., Noda, T., Yoshimori, T., 2008. The Atg16L
complex speciﬁes the site of LC3 lipidation for membrane biogenesis in autop-
hagy. Mol. Biol. Cell 19, 2092–2100.
Furuta, N., Fujita, N., Noda, T., Yoshimori, T., Amano, A., 2010. Combinational soluble
N-ethylmaleimide-sensitive factor attachment protein receptor proteins
VAMP8 and Vti1b mediate fusion of antimicrobial and canonical autophago-
somes with lysosomes. Mol. Biol. Cell 21, 1001–1010.
Ganley, I.G., Lam, D.H., Wang, J., Ding, X., Chen, S., Jiang, X., 2009.
ULK1ATG13FIP200 complex mediates mTOR signaling and is essential for
autophagy. J. Biol. Chem. 284, 12297–12305.
Garden, G.A., Libby, R.T., Fu, Y.-H., Kinoshita, Y., Huang, J., Possin, D.E., Smith, A.C.,
Martinez, R.A., Fine, G.C., Grote, S.K., et al., 2002. Polyglutamine-expanded
ataxin-7 promotes non-cell-autonomous purkinje cell degeneration and dis-
plays proteolytic cleavage in ataxic transgenic mice. J. Neurosci. 22, 4897–4905.
Gatchel, J.R., Zoghbi, H.Y., 2005. Diseases of unstable repeat expansion: mechanisms
and common principles. Nat. Rev. Genet. 6, 743–755.
Geng, J., Nair, U., Yasumura-Yorimitsu, K., Klionsky, D.J., 2010. Post-Golgi Sec
proteins are required for autophagy in Saccharomyces cerevisiae. Mol. Biol. Cell
21, 2257–2269.
Gordon, P.B., Holen, I., Fosse, M., Røtnes, J.S., Seglen, P.O., 1993. Dependence of
hepatocytic autophagy on intracellularly sequestered calcium. J. Biol. Chem.
268, 26107–26112.Gordon, P.B., Seglen, P.O., 1988. Prelysosomal convergence of autophagic and
endocytic pathways. Biochem. Biophys. Res. Commun. 151, 40–47.
Gould, T.D., Chen, G., Manji, H.K., 2002. Mood stabilizer psychopharmacology. Clin.
Neurosci. Res. 2, 193–212.
Graham, R.K., Deng, Y., Slow, E.J., Haigh, B., Bissada, N., Lu, G., Pearson, J., Shehadeh,
J., Bertram, L., Murphy, Z., et al., 2006. Cleavage at the caspase-6 site is required
for neuronal dysfunction and degeneration due to mutant Huntingtin. Cell 125,
1179–1191.
Grande´r, D., Kharaziha, P., Laane, E., Pokrovskaja, K., Panaretakis, T., 2009. Autop-
hagy as the main means of cytotoxicity by glucocorticoids in hematological
malignancies. Autophagy 5, 1198–1200.
Gutierrez, M.G., Master, S.S., Singh, S.B., Taylor, G.A., Colombo, M.I., Deretic, V., 2004.
Autophagy is a defense mechanism inhibiting BCG and Mycobacterium tuber-
culosis survival in infected macrophages. Cell 119, 753–766.
Hackam, A.S., Singaraja, R., Wellington, C.L., Metzler, M., McCutcheon, K., Zhang, T.,
Kalchman, M., Hayden, M.R., 1998. The inﬂuence of Huntingtin protein size on
nuclear localization and cellular toxicity. J. Cell Biol. 141, 1097–1105.
Hailey, D.W., Rambold, A.S., Satpute-Krishnan, P., Mitra, K., Sougrat, R., Kim, P.K.,
Lippincott-Schwartz, J., 2010. Mitochondria supply membranes for autophago-
some biogenesis during starvation. Cell 141, 656–667.
Hands, S.L., Wyttenbach, A., 2010. Neurotoxic protein oligomerisation associated
with polyglutamine diseases. Acta Neuropathol. 120, 419–437.
Hara, T., Nakamura, K., Matsui, M., Yamamoto, A., Nakahara, Y., Suzuki-Migishima,
R., Yokoyama, M., Mishima, K., Saito, I., Okano, H., et al., 2006. Suppression of
basal autophagy in neural cells causes neurodegenerative disease in mice.
Nature 441, 885–889.
Harper, S.Q., 2009. Progress and challenges in RNA interference therapy for Hun-
tington disease. Arch. Neurol. 66, 933–938.
Harper, S.Q., Staber, P.D., He, X., Eliason, S.L., Martins, I.H., Mao, Q., Yang, L., Kotin,
R.M., Paulson, H.L., Davidson, B.L., 2005. RNA interference improves motor and
neuropathological abnormalities in a Huntington’s disease mouse model. Proc.
Natl. Acad. Sci. U.S.A. 102, 5820–5825.
Hayashi-Nishino, M., Fujita, N., Noda, T., Yamaguchi, A., Yoshimori, T., Yamamoto, A.,
2009. A subdomain of the endoplasmic reticulum forms a cradle for autopha-
gosome formation. Nat. Cell Biol. 11, 1433–1437.
Hemelaar, J., Lelyveld, V.S., Kessler, B.M., Ploegh, H.L., 2003. A single protease,
Apg4B, is speciﬁc for the autophagy-related ubiquitin-like proteins GATE-16,
MAP1-LC3, GABARAP, and Apg8L. J. Biol. Chem. 278, 51841–51850.
Heng, M.Y., Duong, D.K., Albin, R.L., Tallaksen-Greene, S.J., Hunter, J.M., Lesort,
M.J., Osmand, A., Paulson, H.L., Detloff, P.J., 2010. Early autophagic response in
a novel knock-in model of Huntington disease. Hum. Mol. Genet. 19, 3702–
3720.
Hodgson, J.G., Agopyan, N., Gutekunst, C.A., Leavitt, B.R., LePiane, F., Singaraja, R.,
Smith, D.J., Bissada, N., McCutcheon, K., Nasir, J., et al., 1999. A YAC mouse
model for Huntington’s disease with full-length mutant Huntingtin, cyto-
plasmic toxicity, and selective striatal neurodegeneration. Neuron 23, 181–192.
Holmberg, C.I., Staniszewski, K.E., Mensah, K.N., Matouschek, A., Morimoto, R.I.,
2004. Inefﬁcient degradation of truncated polyglutamine proteins by the
proteasome. EMBO J. 23, 4307–4318.
Hosokawa, N., Hara, T., Kaizuka, T., Kishi, C., Takamura, A., Miura, Y., Iemura, S.I.,
Natsume, T., Takehana, K., Yamada, N., et al., 2009. Nutrient-dependent
mTORC1 association with the ULK1–Atg13–FIP200 complex required for autop-
hagy. Mol. Biol. Cell 20, 1981–1991.
Ichimura, Y., Kumanomidou, T., Sou, Y.-S., Mizushima, T., Ezaki, J., Ueno, T., Komi-
nami, E., Yamane, T., Tanaka, K., Komatsu, M., 2008. Structural basis for sorting
mechanism of p62 in selective autophagy. J. Biol. Chem. 283, 22847–22857.
Inoki, K., Ouyang, H., Zhu, T., Lindvall, C., Wang, Y., Zhang, X., Yang, Q., Bennett, C.,
Harada, Y., Stankunas, K., et al., 2006. TSC2 integrates Wnt and energy signals
via a coordinated phosphorylation by AMPK and GSK3 to regulate cell growth.
Cell 126, 955–968.
Inoki, K., Zhu, T., Guan, K.-L., 2003. TSC2 mediates cellular energy response to
control cell growth and survival. Cell 115, 577–590.
Itakura, E., Kishi, C., Inoue, K., Mizushima, N., 2008. Beclin 1 forms two distinct
phosphatidylinositol 3-kinase complexes with mammalian Atg14 and UVRAG.
Mol. Biol. Cell 19, 5360–5372.
Iwata, A., Christianson, J.C., Bucci, M., Ellerby, L.M., Nukina, N., Forno, L.S., Kopito,
R.R., 2005. Increased susceptibility of cytoplasmic over nuclear polyglutamine
aggregates to autophagic degradation. Proc. Natl. Acad. Sci. U.S.A. 102, 13135.
Jacinto, E., Loewith, R., Schmidt, A., Lin, S., Ru¨egg, M.A., Hall, A., Hall, M.N., 2004.
Mammalian TOR complex 2 controls the actin cytoskeleton and is rapamycin
insensitive. Nat. Cell Biol. 6, 1122–1128.
Jacobsen, J.C., Gregory, G.C., Woda, J.M., Thompson, M.N., Coser, K.R., Murthy, V.,
Kohane, I.S., Gusella, J.F., Seong, I.S., Macdonald, M.E., et al., 2011. HD CAG-
correlated gene expression changes support a simple dominant gain of function.
Hum. Mol. Genet. Available at: http://www.ncbi.nlm.nih.gov/pubmed/21536587
(accessed 24.05.11).
Jahreiss, L., Menzies, F.M., Rubinsztein, D.C., 2008. The itinerary of autophagosomes:
from peripheral formation to kiss-and-run fusion with lysosomes. Trafﬁc 9,
574–587.
Jeong, H., Then, F., Melia Jr., T.J., Mazzulli, J.R., Cui, L., Savas, J.N., Voisine, C.,
Paganetti, P., Tanese, N., Hart, A.C., et al., 2009. Acetylation targets mutant
Huntingtin to autophagosomes for degradation. Cell 137, 60–72.
Kabeya, Y., Mizushima, N., Ueno, T., Yamamoto, A., Kirisako, T., Noda, T., Kominami,
E., Ohsumi, Y., Yoshimori, T., 2000. LC3, a mammalian homologue of yeast
Apg8p, is localized in autophagosome membranes after processing. EMBO J. 19,
5720–5728.
M. Jimenez-Sanchez et al. / Progress in Neurobiology 97 (2012) 67–8280Kamat, C.D., Gadal, S., Mhatre, M., Williamson, K.S., Pye, Q.N., Hensley, K., 2008.
Antioxidants in central nervous system diseases: preclinical promise and
translational challenges. J. Alzheimers Dis. 15, 473–493.
Kanki, T., Wang, K., Cao, Y., Baba, M., Klionsky, D.J., 2009. Atg32 is a mitochondrial
protein that confers selectivity during mitophagy. Dev. Cell 17, 98–109.
Kaushik, S., Bandyopadhyay, U., Sridhar, S., Kifﬁn, R., Martinez-Vicente, M., Kon, M.,
Orenstein, S.J., Wong, E., Cuervo, A.M., 2011. Chaperone-mediated autophagy at
a glance. J. Cell Sci. 124, 495–499.
Kegel, K.B., Kim, M., Sapp, E., McIntyre, C., Castan˜o, J.G., Aronin, N., DiFiglia, M., 2000.
Huntingtin expression stimulates endosomal-lysosomal activity, endosome
tubulation, and autophagy. J. Neurosci. 20, 7268–7278.
Kihara, A., Kabeya, Y., Ohsumi, Y., Yoshimori, T., 2001. Beclin-phosphatidylinositol
3-kinase complex functions at the trans-Golgi network. EMBO Rep. 2, 330–335.
Kim, D.-H., Sarbassov, D.D., Ali, S.M., King, J.E., Latek, R.R., Erdjument-Bromage, H.,
Tempst, P., Sabatini, D.M., 2002. mTOR interacts with raptor to form a nutrient-
sensitive complex that signals to the cell growth machinery. Cell 110, 163–175.
Kim, I., Rodriguez-Enriquez, S., Lemasters, J.J., 2007. Selective degradation of
mitochondria by mitophagy. Archives of Biochemistry and Biophysics 462,
245–253.
Kim, J., Kundu, M., Viollet, B., Guan, K.L., 2011. AMPK and mTOR regulate autophagy
through direct phosphorylation of Ulk1. Nat. Cell Biol. 13 (2), 132–141.
Kimura, S., Noda, T., Yoshimori, T., 2008. Dynein-dependent movement of autop-
hagosomes mediates efﬁcient encounters with lysosomes. Cell Struct. Funct. 33,
109–122.
Klionsky, D.J., Abeliovich, H., Agostinis, P., Agrawal, D.K., Aliev, G., Askew, D.S., Baba,
M., Baehrecke, E.H., Bahr, B.A., Ballabio, A., et al., 2008. Guidelines for the use
and interpretation of assays for monitoring autophagy in higher eukaryotes.
Autophagy 4, 151–175.
Komatsu, M., Waguri, S., Chiba, T., Murata, S., Iwata, J., -ichi, Tanida, I., Ueno, T., Koike,
M., Uchiyama, Y., Kominami, E., et al., 2006. Loss of autophagy in the central
nervous system causes neurodegeneration in mice. Nature 441, 880–884.
Komatsu, M., Waguri, S., Koike, M., Sou, Y.-S., Ueno, T., Hara, T., Mizushima, N., Iwata,
J.-I., Ezaki, J., Murata, S., et al., 2007. Homeostatic levels of p62 control
cytoplasmic inclusion body formation in autophagy-deﬁcient mice. Cell 131,
1149–1163.
Korolchuk, V.I., Mansilla, A., Menzies, F.M., Rubinsztein, D.C., 2009. Autophagy
inhibition compromises degradation of ubiquitin–proteasome pathway sub-
strates. Mol. Cell 33, 517–527.
Korolchuk, V.I., Saiki, S., Lichtenberg, M., Siddiqi, F.H., Roberts, E.A., Imarisio, S.,
Jahreiss, L., Sarkar, S., Futter, M., Menzies, F.M., et al., 2011. Lysosomal
positioning coordinates cellular nutrient responses. Nat. Cell Biol. 13, 453–460.
Kuma, A., Hatano, M., Matsui, M., Yamamoto, A., Nakaya, H., Yoshimori, T., Ohsumi,
Y., Tokuhisa, T., Mizushima, N., 2004. The role of autophagy during the early
neonatal starvation period. Nature 432, 1032–1036.
Kuma, A., Matsui, M., Mizushima, N., 2007. LC3, an autophagosome marker, can be
incorporated into protein aggregates independent of autophagy: caution in the
interpretation of LC3 localization. Autophagy 3, 323–328.
Kuusisto, E., Salminen, A., Alafuzoff, I., 2001. Ubiquitin-binding protein p62 is
present in neuronal and glial inclusions in human tauopathies and synuclei-
nopathies. Neuroreport 12, 2085–2090.
La Spada, A.R., Paulson, H.L., Fischbeck, K.H., 1994. Trinucleotide repeat expansion in
neurological disease. Ann. Neurol. 36, 814–822.
Laane, E., Tamm, K.P., Buentke, E., Ito, K., Kharaziha, P., Khahariza, P., Oscarsson, J.,
Corcoran, M., Bjo¨rklund, A.-C., Hultenby, K., et al., 2009. Cell death induced by
dexamethasone in lymphoid leukemia is mediated through initiation of autop-
hagy. Cell Death Differ. 16, 1018–1029.
Langbehn, D.R., Hayden, M.R., Paulsen, J.S., 2010. CAG-repeat length and the age of
onset in Huntington disease (HD): a review and validation study of statistical
approaches. Am. J. Med. Genet. B: Neuropsychiatr. Genet. 153B, 397–408.
Lawlor, M.A., Alessi, D.R., 2001. PKB/Akt: a key mediator of cell proliferation,
survival and insulin responses? J. Cell Sci. 114, 2903–2910.
Lee, B.-H., Lee, M.J., Park, S., Oh, D.-C., Elsasser, S., Chen, P.-C., Gartner, C., Dimova, N.,
Hanna, J., Gygi, S.P., et al., 2010a. Enhancement of proteasome activity by a
small-molecule inhibitor of USP14. Nature 467, 179–184.
Lee, H.K., Mattei, L.M., Steinberg, B.E., Alberts, P., Lee, Y.H., Chervonsky, A., Mizush-
ima, N., Grinstein, S., Iwasaki, A., 2010b. In vivo requirement for Atg5 in antigen
presentation by dendritic cells. Immunity 32, 227–239.
Lemasters, J.J., 2005. Selective mitochondrial autophagy, or mitophagy, as a targeted
defense against oxidative stress, mitochondrial dysfunction, and aging. Reju-
venation Res. 8, 3–5.
Liang, C., Lee, J.S., Inn, K.S., Gack, M.U., Li, Q., Roberts, E.A., Vergne, I., Deretic, V., Feng,
P., Akazawa, C., Jung, J.U., 2008. Beclin1-binding UVRAG targets the class C Vps
complex to coordinate autophagosome maturation and endocytic trafﬁcking.
Nat. Cell Biol. 10 (7), 776–787.
Liu, P., Cheng, H., Roberts, T.M., Zhao, J.J., 2009a. Targeting the phosphoinositide 3-
kinase pathway in cancer. Nat. Rev. Drug Discov. 8, 627–644.
Liu, Q., Thoreen, C., Wang, J., Sabatini, D., Gray, N.S., 2009b. mTOR mediated anti-
cancer drug discovery. Drug Discov. Today Ther. Strateg. 6, 47–55.
Loewith, R., Jacinto, E., Wullschleger, S., Lorberg, A., Crespo, J.L., Bonenfant, D.,
Oppliger, W., Jenoe, P., Hall, M.N., 2002. Two TOR complexes, only one of which
is rapamycin sensitive, have distinct roles in cell growth control. Mol. Cell 10,
457–468.
Lunkes, A., Mandel, J.L., 1998. A cellular model that recapitulates major pathogenic
steps of Huntington’s disease. Hum. Mol. Genet. 7, 1355–1361.
Mangiarini, L., Sathasivam, K., Seller, M., Cozens, B., Harper, A., Hetherington, C.,
Lawton, M., Trottier, Y., Lehrach, H., Davies, S.W., et al., 1996. Exon 1 of the HDgene with an expanded CAG repeat is sufﬁcient to cause a progressive neuro-
logical phenotype in transgenic mice. Cell 87, 493–506.
Martinez-Vicente, M., Talloczy, Z., Wong, E., Tang, G., Koga, H., Kaushik, S., de Vries,
R., Arias, E., Harris, S., Sulzer, D., et al., 2010. Cargo recognition failure is
responsible for inefﬁcient autophagy in Huntington’s disease. Nat. Neurosci. 13,
567–576.
Matilla, A., Roberson, E.D., Banﬁ, S., Morales, J., Armstrong, D.L., Burright, E.N., Orr,
H.T., Sweatt, J.D., Zoghbi, H.Y., Matzuk, M.M., 1998. Mice lacking ataxin-1
display learning deﬁcits and decreased hippocampal paired-pulse facilitation.
J. Neurosci. 18, 5508–5516.
Meijer, W.H., van der Klei, I.J., Veenhuis, M., Kiel, J.A.K.W., 2007. ATG genes involved
in non-selective autophagy are conserved from yeast to man, but the selective
Cvt and pexophagy pathways also require organism-speciﬁc genes. Autophagy
3, 106–116.
Menzies, F.M., Huebener, J., Renna, M., Bonin, M., Riess, O., Rubinsztein, D.C., 2010.
Autophagy induction reduces mutant ataxin-3 levels and toxicity in a mouse
model of spinocerebellar ataxia type 3. Brain 133, 93–104.
Miller, J.P., Holcomb, J., Al-Ramahi, I., de Haro, M., Gafni, J., Zhang, N., Kim, E.,
Sanhueza, M., Torcassi, C., Kwak, S., et al., 2010. Matrix metalloproteinases are
modiﬁers of Huntingtin proteolysis and toxicity in Huntington’s disease. Neu-
ron 67, 199–212.
Mizushima, N., Noda, T., Ohsumi, Y., 1999. Apg16p is required for the function of the
Apg12p–Apg5p conjugate in the yeast autophagy pathway. EMBO J. 18, 3888–
3896.
Mizushima, N., Kuma, A., Kobayashi, Y., Yamamoto, A., Matsubae, M., Takao, T.,
Natsume, T., Ohsumi, Y., Yoshimori, T., 2003. Mouse Apg16L, a novel WD-repeat
protein, targets to the autophagic isolation membrane with the Apg12–Apg5
conjugate. J. Cell Sci. 116, 1679–1688.
Mizushima, N., Noda, T., Yoshimori, T., Tanaka, Y., Ishii, T., George, M.D., Klionsky,
D.J., Ohsumi, M., Ohsumi, Y., 1998. A protein conjugation system essential for
autophagy. Nature 395, 395–398.
Mizushima, N., Yoshimori, T., Ohsumi, Y., 2002. Mouse Apg10 as an Apg12-conju-
gating enzyme: analysis by the conjugation-mediated yeast two-hybrid meth-
od. FEBS Lett. 532, 450–454.
Montie, H.L., Cho, M.S., Holder, L., Liu, Y., Tsvetkov, A.S., Finkbeiner, S., Merry, D.E.,
2009. Cytoplasmic retention of polyglutamine-expanded androgen receptor
ameliorates disease via autophagy in a mouse model of spinal and bulbar
muscular atrophy. Hum. Mol. Genet. 18, 1937–1950.
Mookerjee, S., Papanikolaou, T., Guyenet, S.J., Sampath, V., Lin, A., Vitelli, C.,
DeGiacomo, F., Sopher, B.L., Chen, S.F., La Spada, A.R., et al., 2009. Posttransla-
tional modiﬁcation of ataxin-7 at lysine 257 prevents autophagy-mediated
turnover of an N-terminal caspase-7 cleavage fragment. J. Neurosci. 29, 15134–
15144.
Nakagawa, I., Amano, A., Mizushima, N., Yamamoto, A., Yamaguchi, H., Kamimoto,
T., Nara, A., Funao, J., Nakata, M., Tsuda, K., et al., 2004. Autophagy defends cells
against invading Group A Streptococcus. Science 306, 1037–1040.
Nakatogawa, H., Ichimura, Y., Ohsumi, Y., 2007. Atg8, a ubiquitin-like protein
required for autophagosome formation, mediates membrane tethering and
hemifusion. Cell 130, 165–178.
Narendra, D.P., Jin, S.M., Tanaka, A., Suen, D.-F., Gautier, C.A., Shen, J., Cookson, M.R.,
Youle, R.J., 2010. PINK1 is selectively stabilized on impaired mitochondria to
activate Parkin. PLoS Biol. 8, e1000298.
Narendra, D., Tanaka, A., Suen, D.-F., Youle, R.J., 2008. Parkin is recruited selectively
to impaired mitochondria and promotes their autophagy. J. Cell Biol. 183,
795–803.
Nemoto, T., Tanida, I., Tanida-Miyake, E., Minematsu-Ikeguchi, N., Yokota, M.,
Ohsumi, M., Ueno, T., Kominami, E., 2003. The mouse APG10 homologue, an
E2-like enzyme for Apg12p conjugation, facilitates MAP-LC3 modiﬁcation. J.
Biol. Chem. 278, 39517–39526.
Nisoli, I., Chauvin, J.P., Napoletano, F., Calamita, P., Zanin, V., Fanto, M., Charroux, B.,
2010. Neurodegeneration by polyglutamine Atrophin is not rescued by induc-
tion of autophagy. Cell Death Differ. 17, 1577–1587.
Novak, I., Kirkin, V., McEwan, D.G., Zhang, J., Wild, P., Rozenknop, A., Rogov, V., Lo¨hr,
F., Popovic, D., Occhipinti, A., et al., 2010. Nix is a selective autophagy receptor
for mitochondrial clearance. EMBO Rep. 11, 45–51.
Okamoto, K., Kondo-Okamoto, N., Ohsumi, Y., 2009. Mitochondria-anchored recep-
tor Atg32 mediates degradation of mitochondria via selective autophagy. Dev.
Cell 17, 87–97.
Ordway, J.M., Tallaksen-Greene, S., Gutekunst, C.A., Bernstein, E.M., Cearley, J.A.,
Wiener, H.W., Dure 4th, L.S., Lindsey, R., Hersch, S.M., Jope, R.S., et al., 1997.
Ectopically expressed CAG repeats cause intranuclear inclusions and a progres-
sive late onset neurological phenotype in the mouse. Cell 91, 753–763.
Orr, H.T., 2001. Beyond the Qs in the polyglutamine diseases. Genes Dev. 15, 925–932.
Orr, H.T., Zoghbi, H.Y., 2007. Trinucleotide repeat disorders. Annu. Rev. Neurosci. 30,
575–621.
Pandey, U.B., Nie, Z., Batlevi, Y., McCray, B.A., Ritson, G.P., Nedelsky, N.B., Schwartz,
S.L., DiProspero, N.A., Knight, M.A., Schuldiner, O., et al., 2007. HDAC6 rescues
neurodegeneration and provides an essential link between autophagy and the
UPS. Nature 447, 859–863.
Patterson, R.L., Boehning, D., Snyder, S.H., 2004. Inositol 1,4,5-trisphosphate recep-
tors as signal integrators. Annu. Rev. Biochem. 73, 437–465.
Pattingre, S., Tassa, A., Qu, X., Garuti, R., Liang, X.H., Mizushima, N., Packer, M.,
Schneider, M.D., Levine, B., 2005. Bcl-2 antiapoptotic proteins inhibit Beclin 1-
dependent autophagy. Cell 122, 927–939.
Perutz, M.F., Windle, A.H., 2001. Cause of neural death in neurodegenerative
diseases attributable to expansion of glutamine repeats. Nature 412, 143–144.
M. Jimenez-Sanchez et al. / Progress in Neurobiology 97 (2012) 67–82 81Petiot, A., Ogier-Denis, E., Blommaart, E.F.C., Meijer, A.J., Codogno, P., 2000. Distinct
classes of phosphatidylinositol 30-kinases are involved in signaling pathways
that control macroautophagy in HT-29 cells. J. Biol. Chem. 275, 992–998.
Peyser, C.E., Folstein, M., Chase, G.A., Starkstein, S., Brandt, J., Cockrell, J.R., Bylsma, F.,
Coyle, J.T., McHugh, P.R., Folstein, S.E., 1995. Trial of d-alpha-tocopherol in
Huntington’s disease. Am. J. Psychiatry 152, 1771–1775.
Pickart, C.M., 2001. Ubiquitin enters the new millennium. Mol. Cell 8, 499–504.
Qin, Z.-H., Wang, Y., Kegel, K.B., Kazantsev, A., Apostol, B.L., Thompson, L.M., Yoder,
J., Aronin, N., DiFiglia, M., 2003. Autophagy regulates the processing of amino
terminal Huntingtin fragments. Hum. Mol. Genet. 12, 3231–3244.
Ravikumar, B., Berger, Z., Vacher, C., O’Kane, C.J., Rubinsztein, D.C., 2006. Rapamycin
pre-treatment protects against apoptosis. Hum. Mol. Genet. 15, 1209.
Ravikumar, B., Acevedo-Arozena, A., Imarisio, S., Berger, Z., Vacher, C., O’Kane, C.J.,
Brown, S.D.M., Rubinsztein, D.C., 2005. Dynein mutations impair autophagic
clearance of aggregate-prone proteins. Nat. Genet. 37, 771–776.
Ravikumar, B., Duden, R., Rubinsztein, D.C., 2002. Aggregate-prone proteins with
polyglutamine and polyalanine expansions are degraded by autophagy. Hum.
Mol. Genet. 11, 1107–1117.
Ravikumar, B., Imarisio, S., Sarkar, S., O’Kane, C.J., Rubinsztein, D.C., 2008. Rab5
modulates aggregation and toxicity of mutant Huntingtin through macroau-
tophagy in cell and ﬂy models of Huntington disease. J. Cell Sci. 121, 1649–1660.
Ravikumar, B., Moreau, K., Jahreiss, L., Puri, C., Rubinsztein, D.C., 2010a. Plasma
membrane contributes to the formation of pre-autophagosomal structures.
Nat. Cell Biol. Available at: http://www.ncbi.nlm.nih.gov/pubmed/20639872
(accessed 22.07.10).
Ravikumar, B., Sarkar, S., Davies, J.E., Futter, M., Garcia-Arencibia, M., Green-
Thompson, Z.W., Jimenez-Sanchez, M., Korolchuk, V.I., Lichtenberg, M., Luo,
S., et al., 2010b. Regulation of mammalian autophagy in physiology and
pathophysiology. Physiol. Rev. 90, 1383–1435.
Ravikumar, B., Stewart, A., Kita, H., Kato, K., Duden, R., Rubinsztein, D.C., 2003.
Raised intracellular glucose concentrations reduce aggregation and cell death
caused by mutant Huntingtin exon 1 by decreasing mTOR phosphorylation and
inducing autophagy. Hum. Mol. Genet. 12, 985–994.
Ravikumar, B., Vacher, C., Berger, Z., Davies, J.E., Luo, S., Oroz, L.G., Scaravilli, F.,
Easton, D.F., Duden, R., O’Kane, C.J., et al., 2004. Inhibition of mTOR induces
autophagy and reduces toxicity of polyglutamine expansions in ﬂy and mouse
models of Huntington disease. Nat. Genet. 36, 585–595.
Raynaud, F.I., Eccles, S., Clarke, P.A., Hayes, A., Nutley, B., Alix, S., Henley, A., Di-
Stefano, F., Ahmad, Z., Guillard, S., et al., 2007. Pharmacologic characterization
of a potent inhibitor of class I phosphatidylinositide 3-kinases. Cancer Res. 67,
5840–5850.
Renna, M., Schaffner, C., Winslow, A.R., Menzies, F.M., Peden, A.A., Floto, R.A.,
Rubinsztein, D.C., 2011. Autophagic substrate clearance requires activity of
the syntaxin-5 SNARE complex. J. Cell Sci. 124, 469–482.
Riess, O., Scho¨ls, L., Bottger, H., Nolte, D., Vieira-Saecker, A.M., Schimming, C., Kreuz,
F., Macek Jr., M., Krebsova´, A., Sen, Macek M., et al., 1997. SCA6 is caused by
moderate CAG expansion in the alpha1A-voltage-dependent calcium channel
gene. Hum. Mol. Genet. 6, 1289–1293.
Robertson, A.L., Bottomley, S.P., 2010. Towards the treatment of polyglutamine
diseases: the modulatory role of protein context. Curr. Med. Chem. 17, 3058–
3068.
Rodriguez-Enriquez, S., Kim, I., Currin, R.T., Lemasters, J.J., 2006. Tracker dyes to
probe mitochondrial autophagy (mitophagy) in rat hepatocytes. Autophagy 2,
39–46.
Rodriguez-Lebron, E., Denovan-Wright, E.M., Nash, K., Lewin, A.S., Mandel, R.J.,
2005. Intrastriatal rAAV-mediated delivery of anti-Huntingtin shRNAs induces
partial reversal of disease progression in R6/1 Huntington’s disease transgenic
mice. Mol. Ther. 12, 618–633.
Rose, C., Menzies, F.M., Renna, M., Acevedo-Arozena, A., Corrochano, S., Sadiq, O.,
Brown, S.D., Rubinsztein, D.C., 2010. Rilmenidine attenuates toxicity of poly-
glutamine expansions in a mouse model of Huntington’s disease. Hum. Mol.
Genet. 19, 2144–2153.
Rubinsztein, D.C., 2006. The roles of intracellular protein-degradation pathways in
neurodegeneration. Nature 443, 780–786.
Rubinsztein, D.C., Cuervo, A.M., Ravikumar, B., Sarkar, S., Korolchuk, V.I., Kaushik, S.,
Klionsky, D.J., 2009. In search of an ‘‘autophagomometer’’. Autophagy 5, 585–590.
Sabers, C.J, Martin, M.M., Brunn, G.J., Williams, J.M., Dumont, F.J., Wiederrecht, G.,
Abraham, R.T., 1995. Isolation of a protein target of the FKBP12-rapamycin
complex in mammalian cells. J. Biol. Chem. 270, 815–822.
Sahu, R., Kaushik, S., Clement, C.C., Cannizzo, E.S., Scharf, B., Follenzi, A., Potolicchio,
I., Nieves, E., Cuervo, A.M., Santambrogio, L., 2011. Microautophagy of cytosolic
proteins by late endosomes. Dev. Cell 20, 131–139.
Sandoval, H., Thiagarajan, P., Dasgupta, S.K., Schumacher, A., Prchal, J.T., Chen, M.,
Wang, J., 2008. Essential role for Nix in autophagic maturation of erythroid cells.
Nature 454, 232–235.
Sarbassov, D.D., Ali, S.M., Sabatini, D.M., 2005. Growing roles for the mTOR pathway.
Curr. Opin. Cell Biol. 17, 596–603.
Sarkar, S., Davies, J.E., Huang, Z., Tunnacliffe, A., Rubinsztein, D.C., 2007a. Trehalose,
a novel mTOR-independent autophagy enhancer, accelerates the clearance of
mutant Huntingtin and alpha-synuclein. J. Biol. Chem. 282, 5641–5652.
Sarkar, S., Floto, R.A., Berger, Z., Imarisio, S., Cordenier, A., Pasco, M., Cook, L.J.,
Rubinsztein, D.C., 2005. Lithium induces autophagy by inhibiting inositol
monophosphatase. J. Cell Biol. 170, 1101–1111.
Sarkar, S., Krishna, G., Imarisio, S., Saiki, S., O’Kane, C.J., Rubinsztein, D.C., 2008. A
rational mechanism for combination treatment of Huntington’s disease using
lithium and rapamycin. Hum. Mol. Genet. 17, 170–178.Sarkar, S., Perlstein, E.O., Imarisio, S., Pineau, S., Cordenier, A., Maglathlin, R.L.,
Webster, J.A., Lewis, T.A., O’Kane, C.J., Schreiber, S.L., et al., 2007b. Small
molecules enhance autophagy and reduce toxicity in Huntington’s disease
models. Nat. Chem. Biol. 3, 331–338.
Scherz-Shouval, R., Shvets, E., Fass, E., Shorer, H., Gil, L., Elazar, Z., 2007. Reactive
oxygen species are essential for autophagy and speciﬁcally regulate the activity
of Atg4. EMBO J. 26, 1749–1760.
Schweers, R.L., Zhang, J., Randall, M.S., Loyd, M.R., Li, W., Dorsey, F.C., Kundu, M.,
Opferman, J.T., Cleveland, J.L., Miller, J.L., et al., 2007. NIX is required for
programmed mitochondrial clearance during reticulocyte maturation. Proc.
Natl. Acad. Sci. U.S.A. 104, 19500–19505.
Semaka, A., Creighton, S., Warby, S., Hayden, M.R., 2006. Predictive testing for
Huntington disease: interpretation and signiﬁcance of intermediate alleles.
Clin. Genet. 70, 283–294.
Shibata, M., Lu, T., Furuya, T., Degterev, A., Mizushima, N., Yoshimori, T., MacDonald,
M., Yankner, B., Yuan, J., 2006. Regulation of intracellular accumulation of
mutant Huntingtin by Beclin 1. J. Biol. Chem. 281, 14474–14485.
Shoulson, I., 1998. DATATOP: a decade of neuroprotective inquiry. Parkinson Study
Group. Deprenyl and tocopherol antioxidative therapy of parkinsonism. Ann.
Neurol. 44, S160–S166.
Simonsen, A., Birkeland, H.C.G., Gillooly, D.J., Mizushima, N., Kuma, A., Yoshimori, T.,
Slagsvold, T., Brech, A., Stenmark, H., 2004. Alfy, a novel FYVE-domain-contain-
ing protein associated with protein granules and autophagic membranes. J. Cell
Sci. 117, 4239–4251.
Soto, C., Estrada, L.D., 2008. Protein misfolding and neurodegeneration. Arch.
Neurol. 65, 184–189.
Sun, Q., Fan, W., Chen, K., Ding, X., Chen, S., Zhong, Q., 2008. Identiﬁcation of Barkor
as a mammalian autophagy-speciﬁc factor for Beclin 1 and class III phospha-
tidylinositol 3-kinase. Proc. Natl. Acad. Sci. U.S.A. 105, 19211–19216.
Takahashi, T., Katada, S., Onodera, O., 2010. Polyglutamine diseases: where does
toxicity come from? What is toxicity? Where are we going?. J. Mol. Cell. Biol. 2,
180–191.
Takahashi, T., Kikuchi, S., Katada, S., Nagai, Y., Nishizawa, M., Onodera, O., 2008.
Soluble polyglutamine oligomers formed prior to inclusion body formation are
cytotoxic. Hum. Mol. Genet. 17, 345–356.
Takahashi, Y., Meyerkord, C.L., Hori, T., Runkle, K., Fox, T.E., Kester, M., Loughran,
T.P., Wang, H.-G., 2011. Bif-1 regulates Atg9 trafﬁcking by mediating the ﬁssion
of Golgi membranes during autophagy. Autophagy 7, 61–73.
Tanaka, M., Machida, Y., Niu, S., Ikeda, T., Jana, N.R., Doi, H., Kurosawa, M., Nekooki,
M., Nukina, N., 2004. Trehalose alleviates polyglutamine-mediated pathology in
a mouse model of Huntington disease. Nat. Med. 10, 148–154.
Tanida, I., Tanida-Miyake, E., Ueno, T., Kominami, E., 2001. The human homolog of
Saccharomyces cerevisiae Apg7p is a Protein-activating enzyme for multiple
substrates including human Apg12p, GATE-16, GABARAP, and MAP-LC3. J. Biol.
Chem. 276, 1701–1706.
Tanida, I., Tanida-Miyake, E., Komatsu, M., Ueno, T., Kominami, E., 2002. Human
Apg3p/Aut1p homologue is an authentic E2 enzyme for multiple substrates,
GATE-16, GABARAP, and MAP-LC3, and facilitates the conjugation of hApg12p
to hApg5p. J. Biol. Chem. 277, 13739–13744.
Tanida, I., Ueno, T., Kominami, E., 2004. Human light chain 3/MAP1LC3B is cleaved
at its carboxyl-terminal Met121 to expose Gly120 for lipidation and targeting to
autophagosomal membranes. J. Biol. Chem. 279, 47704–47710.
Tee, A.R., Fingar, D.C., Manning, B.D., Kwiatkowski, D.J., Cantley, L.C., Blenis, J., 2002.
Tuberous sclerosis complex-1 and -2 gene products function together to inhibit
mammalian target of rapamycin (mTOR)-mediated downstream signaling.
Proc. Natl. Acad. Sci. U.S.A. 99, 13571–13576.
Thoreen, C.C., Kang, S.A., Chang, J.W., Liu, Q., Zhang, J., Gao, Y., Reichling, L.J., Sim, T.,
Sabatini, D.M., Gray, N.S., 2009. An ATP-competitive mammalian target of
rapamycin inhibitor reveals rapamycin-resistant functions of mTORC1. J. Biol.
Chem. 284, 8023–8032.
Tian, Y., Bustos, V., Flajolet, M., Greengard, P., 2011. A small-molecule enhancer of
autophagy decreases levels of Abeta and APP-CTF via Atg5-dependent autop-
hagy pathway. FASEB J. 25, 1934–1942.
Underwood, B.R., Imarisio, S., Fleming, A., Rose, C., Krishna, G., Heard, P., Quick, M.,
Korolchuk, V.I., Renna, M., Sarkar, S., et al., 2010. Antioxidants can inhibit basal
autophagy and enhance neurodegeneration in models of polyglutamine dis-
ease. Hum. Mol. Genet. 19, 3413–3429.
van der Vaart, A., Grifﬁth, J., Reggiori, F., 2010. Exit from the Golgi is required for the
expansion of the autophagosomal phagophore in yeast Saccharomyces cerevi-
siae. Mol. Biol. Cell 21, 2270–2284.
Venkatraman, P., Wetzel, R., Tanaka, M., Nukina, N., Goldberg, A.L., 2004. Eukary-
otic proteasomes cannot digest polyglutamine sequences and release them
during degradation of polyglutamine-containing proteins. Mol. Cell 14,
95–104.
Watase, K., Weeber, E.J., Xu, B., Antalffy, B., Yuva-Paylor, L., Hashimoto, K., Kano, M.,
Atkinson, R., Sun, Y., Armstrong, D.L., et al., 2002. A long CAG repeat in the
mouse Sca1 locus replicates SCA1 features and reveals the impact of protein
solubility on selective neurodegeneration. Neuron 34, 905–919.
Webb, J.L., Ravikumar, B., Atkins, J., Skepper, J.N., Rubinsztein, D.C., 2003. Alpha-
Synuclein is degraded by both autophagy and the proteasome. J. Biol. Chem.
278, 25009–25013.
Wei, Y., Sinha, S., Levine, B., 2008. Dual role of JNK1-mediated phosphorylation of
Bcl-2 in autophagy and apoptosis regulation. Autophagy 4, 949–951.
Weidberg, H., Shpilka, T., Shvets, E., Abada, A., Shimron, F., Elazar, Z., 2011. LC3 and
GATE-16 N termini mediate membrane fusion processes required for autopha-
gosome biogenesis. Dev. Cell 20, 444–454.
M. Jimenez-Sanchez et al. / Progress in Neurobiology 97 (2012) 67–8282Wellington, C.L., Ellerby, L.M., Hackam, A.S., Margolis, R.L., Triﬁro, M.A., Singaraja, R.,
McCutcheon, K., Salvesen, G.S., Propp, S.S., Bromm, M., et al., 1998. Caspase
cleavage of gene products associated with triplet expansion disorders generates
truncated fragments containing the polyglutamine tract. J. Biol. Chem. 273,
9158–9167.
Wellington, C.L., Ellerby, L.M., Gutekunst, C.-A., Rogers, D., Warby, S., Graham, R.K.,
Loubser, O., van Raamsdonk, J., Singaraja, R., Yang, Y.-Z., 2002. Caspase cleavage
of mutant Huntingtin precedes neurodegeneration in Huntington’s disease. J.
Neurosci. 22, 7862–7872.
Wilburn, B., Rudnicki, D.D., Zhao, J., Weitz, T.M., Cheng, Y., Gu, X., Greiner, E., Park,
C.S., Wang, N., Sopher, B.L., et al., 2011. An antisense CAG repeat transcript at
jph3 locus mediates expanded polyglutamine protein toxicity in Huntington’s
disease-like 2 mice. Neuron 70, 427–440.
Williams, R.S.B., Cheng, L., Mudge, A.W., Harwood, A.J., 2002. A common mechanism
of action for three mood-stabilizing drugs. Nature 417, 292–295.
Williams, A., Sarkar, S., Cuddon, P., Ttoﬁ, E.K., Saiki, S., Siddiqi, F.H., Jahreiss, L.,
Fleming, A., Pask, D., Goldsmith, P., et al., 2008. Novel targets for Huntington’s
disease in an mTOR-independent autophagy pathway. Nat. Chem. Biol. 4,
295–305.
Xie, Z., Klionsky, D.J., 2007. Autophagosome formation: core machinery and adap-
tations. Nat. Cell Biol. 9, 1102–1109.
Yamamoto, A., Lucas, J.J., Hen, R., 2000. Reversal of neuropathology and
motor dysfunction in a conditional model of Huntington’s disease. Cell
101, 57–66.
Yamamoto, A., Tagawa, Y., Yoshimori, T., Moriyama, Y., Masaki, R., Tashiro, Y., 1998.
Baﬁlomycin A1 prevents maturation of autophagic vacuoles by inhibiting fusion
between autophagosomes and lysosomes in rat hepatoma cell line, H-4-II-E
cells. Cell Struct. Funct. 23, 33–42.Yang, W., Dunlap, J.R., Andrews, R.B., Wetzel, R., 2002. Aggregated polyglutamine
peptides delivered to nuclei are toxic to mammalian cells. Hum. Mol. Genet. 11,
2905–2917.
Yla¨-Anttila, P., Vihinen, H., Jokitalo, E., Eskelinen, E.-L., 2009. 3D tomography reveals
connections between the phagophore and endoplasmic reticulum. Autophagy
5, 1180–1185.
Yoo, S.Y, Pennesi, M.E., Weeber, E.J., Xu, B., Atkinson, R., Chen, S., Armstrong, D.L.,
Wu, S.M., Sweatt, J.D., Zoghbi, H.Y., 2003. SCA7 knockin mice model human
SCA7 and reveal gradual accumulation of mutant ataxin-7 in neurons and
abnormalities in short-term plasticity. Neuron 37, 383–401.
Young, A.R.J., Chan, E.Y.W., Hu, X.W., Kochl, R., Crawshaw, S.G., High, S., Hailey, D.W.,
Lippincott-Schwartz, J., Tooze, S.A., 2006. Starvation and ULK1-dependent
cycling of mammalian Atg9 between the TGN and endosomes. J. Cell Sci.
119, 3888–3900.
Yu, A., Frishman, W.H., 1996. Imidazoline receptor agonist drugs: a new approach to
the treatment of systemic hypertension. J. Clin. Pharmacol. 36, 98–111.
Zeitlin, S., Liu, J.P., Chapman, D.L., Papaioannou, V.E., Efstratiadis, A., 1995. Increased
apoptosis and early embryonic lethality in mice nullizygous for the Hunting-
ton’s disease gene homologue. Nat. Genet. 11, 155–163.
Zhang, L., Yu, J., Pan, H., Hu, P., Hao, Y., Cai, W., Zhu, H., Yu, A.D., Xie, X., Ma, D., et al.,
2007. Small molecule regulators of autophagy identiﬁed by an image-based
high-throughput screen. Proc. Natl. Acad. Sci. U.S.A. 104, 19023–19028.
Zhang, Y., Gao, X., Saucedo, L.J., Ru, B., Edgar, B.A., Pan, D., 2003. Rheb is a direct
target of the tuberous sclerosis tumour suppressor proteins. Nat. Cell Biol. 5,
578–581.
Zheng, S., Clabough, E.B.D., Sarkar, S., Futter, M., Rubinsztein, D.C., Zeitlin, S.O., 2010.
Deletion of the Huntingtin polyglutamine stretch enhances neuronal autophagy
and longevity in mice. PLoS Genet. 6, e1000838.
